Clemson University

TigerPrints
All Dissertations

Dissertations

5-2008

Perfluorocyclobutyl Aryl Ether Polymers: A
Modular Approach to Tailored Emission
Andrew Neilson
Clemson University, aneilso@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Organic Chemistry Commons
Recommended Citation
Neilson, Andrew, "Perfluorocyclobutyl Aryl Ether Polymers: A Modular Approach to Tailored Emission" (2008). All Dissertations.
218.
https://tigerprints.clemson.edu/all_dissertations/218

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

PERFLUOROCYCLOBUTYL ARYL ETHER POLYMERS:
A MODULAR APPROACH TO TAILORED EMISSION
A Dissertation
Presented to
the Graduate School of
Clemson University
In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Chemistry
by
Andrew Robert Neilson
May 2008
Accepted by:
Dr. Dennis W. Smith Jr., Committee Chair
Dr. Karl Dieter
Dr. Darryl D. DesMarteau
Dr. Rhett C. Smith

ABSTRACT

Aryl trifluorovinyl ethers (TFVE) are versatile precursors to perfluorocyclobutyl
aryl ether (PFCB) polymers. TFVE functionalized chromophores of a variety of colors
have been synthesized for copolymerization to form PFCB polymers with tunable
emissive properties.

TFVE small molecule chromophores containing fluorene,

benzothiadiazole, and bisthiophene show superb emissive properties and prove that the
TFVE and PFCB structures have no effect on chromophore emission. Copolymerization
of these chromophores with commercial TFVE monomers produced high molecular
weight, thermally stable, emissive materials.

With the use of trifunctional TFVE

monomers these materials can be made into optical glasses. PFCB-phenylene vinylenes
were prepared by Wittig polymerization and also confirm the lack of effect on emission
by the PFCB linkage.
A synthetic method for the rapid, high yielding synthesis of tris-cyclometalated
Ir[III] phosphors was developed. Microwave energy was used to reduce reaction times
from 2 days to 30 min, and increase product yields from ~40% to ~90%. This synthesis
was used to prepare dibromo functional Ir[III] phosphors for incorporation into
conjugated organic polymer materials.
TFVE endcapped oligo(fluorene) derivatives were synthesized via a two part
Suzuki coupling reaction. Use of different aryl dibromides afforded oligo(fluorene)
derivatives containing benzothiadiazole, carbazole, and Ir[III] phosphors.

ii

These

materials readily undergo thermal cyclopolymerization to form high molecular weight
(~35,000 Mn), thermally stable, processable, highly emissive oligo(fluorene) block
copolymers. These materials show promise as emissive materials for light emitting
diodes.
Finally, copolymerization or blending of TFVE functionalized emissive materials
was used to produce PFCB materials with unique emissive properties. White light
photoluminescence is observed from TFVE endcapped oligo(fluorene) doped with trace
amounts of TFVE endcapped oligo(fluorene-co-benzothiadiazole) and red Ir[III]
phosphors.

Purple photoluminescence is seen in blends of TFVE endcapped

oligo(fluorene) and red Ir[III]. TFVE chromophores with emissions spanning the visible
spectrum can be used to produce light of nearly any emissive color and with different
charge mobility characteristics.
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CHAPTER 1
INTRODUCTION

Perfluorocyclobutyl Aryl Ether Polymers

Perfluorocyclobutyl aryl ether (PFCB) polymers are a class of semifluorinated
polymers with many useful properties including high thermal and chemical stability,
superb solubility and processability, excellent optical clarity, and broad synthetic
versatility.1,2

As such, PFCB polymers have been targeted for a wide array of

applications including, high performance optics,2 space durable materials,3 stabilization
of metal nanoparticles,4,5 light emissive applications,6 and proton exchange membranes
for fuel cells.7 PFCB materials have been designed for these applications by using a few
basic synthetic strategies. Here we discuss the synthetic pathways to PFCB polymers,
and evaluate how the synthetic versatility of PFCB materials has allowed for the design
of new materials for a variety of applications.
PFCB polymers are synthesized via the thermal cyclodimerization of aryl
trifluorovinyl ethers (TFVE). (Scheme 1.1) The reaction, which proceeds via a radically
mediated [2 +2] pathway at temperatures above 150 ºC, does not require a catalyst and
occurs without condensate, thus producing polymers of very high purity and well defined
structure. TFVE dimerization happens almost exclusively in a head-to-head fashion
resulting in 1,2-aryl ether substitution around the cyclobutane ring. The reaction does not

1

favor a particular stereochemistry at the 1,2-aryl ether substitution, and produces a
random distribution of (R,R), (S,S), (S,R), and (R,S) products.

This random

stereochemistry results in a highly amorphous, readily soluble polymer system. PFCB
polymer glass transition temperatures reflect this, and are usually in the range of 150-200
ºC.2 The amorphous character is also responsible for the excellent optical clarity of
PFCB materials throughout the visible spectrum and into the near infrared.2
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Scheme 1.1. Polymerization of TFVEs to form PFCB polymers. The reaction is
thermally activated at temperatures above 150 ºC and proceeds via a radically
mediated [2+2] cyclodimerization mechanism.
Perfluorinated cyclobutane rings were first reported in 1947 as degradation
products from the production of polytetrafluoroethylene (PTFE).8 In 1965 Dupont was
the first to report TFVE dimerization as a route to PFCB polymers.9 Fluoroolefins
readily undergo cyclodimerization as compared to their hydrocarbon analogues due to the
high amount of π-bond strain present in the perfluorinated carbon-carbon double bond.10
For example, the cyclodimerization of tetrafluoroethylene (TFE) is favored by 18
kcal/mol compared to the cyclodimerization of ethylene.10

The high thermal and

chemical stability of fluorinated polymers is due to the strength of the C-F bond (121
kcal/mol) and the C-C σ-bonds of a fluorinated system (86 kcal/mol).11

While

fluorination increases C-C σ-bond strength, it has the opposite effect on C-C π-bonds;
this is due to torsional strain brought about by electron repulsion of the fluorine atoms.

2

The addition of an oxygen substituent on the fluorinated olefin further decreases the
activation energy of cyclodimerization by as much as 15-20 kcal/mol.10
The cyclodimerization of TFVEs was speculated to occur via a di-radical
intermediate. This has been recently confirmed by electron paramagnetic resonance
spectroscopy12, and is responsible for favoring the head-to-head product.

Thermal

activation of the TFVE π-bond results in the formation of a TFVE diradical. Coupling
between TFVE diradicals occurs at the carbon β to the oxygen due to the stability of the
radical on the α-carbon. α-Radical stability reduces the transition state energy for the
head-to-head coupling pathway thus favoring 1,2 substitution site around the cyclobutane
ring.12 The reaction is completed by rapid ring closure from α-radical coupling resulting
in random stereochemistry around the 1,2-di-substitution.

Aryl substituted TFVEs,

unlike other fluoroolefins, do not readily undergo linear radical polymerizations. Linear
polymerization has been reported, but requires high temperatures, high pressures, and
gamma radiation.13

Synthesis of Aryl Trifluorovinyl Ether Precursors to PFCB Polymers

The ability to control the functionality of PFCB polymers depends entirely on the
synthesis of aryltrifluorovinyl ether monomers. TFVEs are most commonly synthesized
via a base activated coupling of a phenol and 1,2-dibromo-1,1,2,2-tetrafluoroethane
followed by a Zn mediated dehalogenation reaction.14 The coupling of the phenol and
dibromotetrafluoroethane does not proceed via a simple SN2 reaction pathway, but rather

3

via an ionic chain mechanism.15,16 (Scheme 1.2) The reaction begins with phenoxide
attack at a bromine on dibromotetrafluoroethane followed by the elimination of
tetrafluoroethylene. The reaction is propagated via phenoxide addition to TFE, and is
then terminated via bromophilic attack on dibromotetrafluoroethane. The anion can also
be quenched by any acidic protons present in the reaction medium, resulting in the
formation of a C-H substituted product. Hydrogen byproduct is present in some small
quantities after this reaction regardless of how much care is taken to keep the reaction
media free from sources of H+. An ionic chain mechanism was proposed to explain the
persistent presence of hydrogenated byproduct.
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Scheme 1.2. Phenoxide addition to 1,2-dibromo-1,1,2,2-tetrafluoroethane proceeds via
an ionic chain mechanism rather than SN2 substitution.16 The reaction begins with
phenoxide removing a bromine from dibromotetrafluoroethane forming TFE in situ.
Phenoxide then attacks the TFE, and the resulting anion is quenched by more
dibromotetrafluoroethane.15,16

4

The synthesis of TFVEs from phenols and dibromotetrafluoroethane (pathway 4)
is

currently

the

most

widely

used

route.

However,

the

availability

of

dibromotetrafluoroethane is limited by the Montreal Protocol17 since it has been
identified as detrimental to the ozone layer. TFVE’s have also been synthesized via
several pathways from phenols and TFE. (Scheme 1.3) Pathway 1 involves the treatment
of a phenoxide with TFE and carbon dioxide.18 This path involves the formation of an
aryltrifluoroethylcarboxylate ether intermediate followed by the thermal elimination of
carboxylate to form the TFVE.

In pathway 2, phenoxide is treated with TFE and

quenched with water to form aryltrifluoroethane which then undergoes elimination via
deprotonation with a strong base such as lithium diisopropyl amine.19,20 Finally, in
pathway 3, the reaction between TFE and phenoxide is not quenched by an electrophile,
but the reaction mixture is refluxed in THF and benzene at 208 psi to produce the
fluoroolefin.13,21 All of the routes from TFE and phenoxides do not require the use of the
difficult to procure dibromotetrafluoroethane, but the dangers of TFE are well
documented and the formation of PTFE oligomers in the anionic reaction conditions is
difficult to avoid. Attempts to synthesize TFVEs from dichlorotetrafluoroethane have
proven

unsuccessful,

most

likely

due

chlorofluorocarbons.
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Scheme 1.3. Four synthetic pathways to TFVEs. Pathway 1 involves the treatment of
phenoxide with TFE in the presence of CO2 and heat activated elimination.18 In
pathway 2 phenoxide is reacted with TFE and the anion is quenched with water
followed by lithium diisoprpyl amine activated elimination.19,20 Pathway 3 proceeds
via phenoxide reaction with TFE in benzene/THF at elevated pressures.13,21 Pathway
4 is the preferred route via synthesis from dibromotetrafluoroethane and Zn mediated
elimination.14
The first trifluorovinyl ether monomers were synthesized from commercial bis or
tris functional phenolics.14,22,23 (Figure 1.1) These materials were originally designed by
Dow Chemical Corporation in the early 1990s as low dielectric materials.24

The

production of TFVE monomers from phenolics is quite scalable and monomer 1.1 was
made on a 100 gallon pilot plant scale by Dow.

Polymers produced from these

monomers are high molecular weight, soluble in common organic solvents, melt
processable, and with the incorporation of trifunctional monomer 1.1, can be used as
thermoset materials.14
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Figure 1.1. TFVE monomers synthesized from bis or tris phenols.
While the use of commercial phenolics is a facile route to PFCB monomers, the
limited availability of commercial bisphenols limits the range of functionality that can be
incorporated into PFCB polymers. Another route to PFCB polymers involves the use of
the versatile intermediate 4-bromo(trifluorovinyloxy)benzene Br-TFVE.25,26 Br-TFVE
can be prepared in high yield from p-bromophenol and dibromotetrafluoroethane. This
arylbromide can undergo metal halogen exchange with t-BuLi25 or can be converted into
the corresponding phenyl Grignard reagent.24 Subsequent quenching with an electrophile
allows access to a wide variety of para substituted aryl trifluorovinyl ethers. These
compounds can then be converted into PFCB polymers via two pathways. (Scheme 1.4)
Pathway 1 involves the synthesis of a difunctional TFVE followed by thermal
cyclopolymerization.

In pathway 2 the para substituted arytrifluorovinyl ether is

cyclodimerized to form a PFCB dimer which can then be polymerized via standard
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stepgrowth chemistry. Having two pathways to PFCB containing polymers allows for
the incorpation of aryl spacers with nearly any functionality.
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Scheme 1.4. The two synthetic pathways to PFCB polymers from the versatile 4bromo(trifluorovinyloxy)benzene (Br-TFVE) intermediate are demonstrated. Path 1
involves the synthesis of a difunctional TFVE monomer followed by thermal
cyclopolymerization.
In Path 2 TFVE cyclodimerization occurs prior to
polymerization and the TFVE dimer is polymerized via standard step-growth
polymerization chemistry.
Scheme 1.5 shows the array of substrates that can be prepared from 4bromo(trifluorovinyloxy)benzene via metal halogen exchange chemistry.26

The

carboxylic acid, acid chloride, aldehyde, isocyanate, alcohol, and amine derivatives as
dimers are of particular interest because these derivatives can be used to form PFCB
containing polymers via standard step growth polymerization chemistry. The boronic
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acid and organotin derivatives are also of particular interest since they can undergo Pd
catalyzed Suzuki and Sonogashira coupling reactions allowing access to PFCB polymers
containing conjugated organic segments. Conjugated systems can also be prepared from
the aldehyde and methyl phosphonate derivates via Wittig condensation chemistry.
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The

ability

to

produce

TFVE

monomers

from

phenolics

and

4-

bromo(trifluorovinyloxy)benzene Br-TFVE allows for the construction of monomers
with a diverse array of functionality.

The basic strategy for the design of TFVE

monomers can be seen in Scheme 1.6.

Using the synthetic strategies discussed

previously, a high performance spacer is functionalized with TFVE groups.

These

materials can then be melt or solution B-staged or chain extended to control polymer
molecular weight, viscosity, and composition.

One unique feature of TFVE

polymerization is that the endgroups remain polymerizable TFVEs. This allows for the
design of block copolymers via the copolymerization of PFCB oligomers. This strategy
allows for the covalent binding of high performance molecules with a thermally stable,
chemically inert, processable linkage.2

10

Functional Spacer

O

O
F

F
F

F

F

F
F

F

F
F
F

F
F
F

O

O

Bis or tris TFVE monomers
are synthesized around a
functional spacer.

O

F

170 oC

Robust PFCB linkage
provides amorphous,
stable, soluble polymer.

F
F
F

Functional Spacer

O
n

F

TFVE endgroups remain intact
for further polymerization or
copolymerization.

O

F
F

Scheme 1.6. Synthetic strategy for the design of high performance PFCB polymers.
TFVE functionality is built around a high performance spacer. Monomers are then
polymerized at temperatures above 150 ºC. TFVE groups remain intact post
polymerization allowing for the formation of block copolymers, crosslinking, or
further increase of molecular weight after solution or melt processing.2
Monomers with a diverse array of functionality have been prepared using the
strategy depicted in Scheme 1.6. Figure 2 shows the structures of a few of the more
unique TFVEs. Suzuki chemistry can be used to synthesize conjugated segments within
TFVE monomers such as liquid crystalline oligophenylene materials 1.9,27 charge
transporting aryl amines 1.7,28 and light emissive chromophores 1.6.6

Sonogashira

coupling was used to prepare diphenylacetylene TFVE’s which can go on to form
hexabenzene coronene TFVEs 1.8.29 TFVE carboxylic acid can be used as a ligand to
incorporate rare earth metals into PFCB polymers 1.10.30

Metal containing PFCB

polymers can also be made with crown ether TFVE 1.11.31
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TFVE functionalized

polyhedral oligomeric silesquioxane 1.12 (POSS) materials have been copolymerized
with commercial TFVE monomers to do surface modification of PFCB polymers for the
production of hydrophobic and oleophobic materials.32,33 Lithiated Br-TFVE undergoes
nucleophilic substitution with P-Cl bonds to give poly(phosphazenes)34 1.14 with pendant
TFVE for phosphazene crosslinking and triarylphosphate derivatives for space durable
materials 1.13.3
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Figure 1.2. Structures of selected high performance TFVE monomers.
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1.14

Perfluorocyclobutyl Polymers for Photonics

Perfluorocyclobutyl aryl ether polymers possess a number of characteristics that
make them well suited for high performance optics applications. Their amorphous nature
combined with a general lack of aliphatic C-H bonds gives PFCB polymers optical clarity
across the visible spectrum and into the near IR.2,35 Of particular interest are the low
optical losses of PFCB polymers in the wavelengths of 1300 and 1550 nm used to
transmit information through SiO2 optical fiber. Aliphatic C-H absorption has been
determined to be the leading cause of optical absorption in organic materials in the near
IR region of the spectrum. Replacing the C-H bonds with C-F bonds has been shown to
limit these losses.36 Hence, fluoropolymers like Dupont Teflon AF have become leading
candidates for polymer waveguides. PFCB copolymers of 1.1, 1.2, and 1.3 exhibit
optical losses near or below 0.25 dB/cm which places them in direct competition with
some of the more expensive low loss optical polymers such as DuPont Teflon AF and
Asahi Cytop.35

In addition to the low optical losses of PFCB polymers, random

copolymerization allows for tuning of the refractive index by controlling the fluorine to
aromatic ratio.37 The low optical loss, refractive index tunability, thermal stability, and
processablilty of PFCB materials make them ideal candidates for polymer waveguide
applications.
By varying the ratios of monomers 1.1, 1.2, and 1.3, PFCB polymers can achieve
sufficient refractive index variation to create core and clad materials for waveguides.
Having the core and the clad material from the same polymer system provides an
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excellent interface between the layers, further decreasing optical losses. PFCB polymer
waveguides have been fabricated using standard soft lithography techniques.

The

processability of PFCB materials has allowed for the construction of a variety of
waveguide structures including diffraction gratings,2 racetrack waveguides, single air
benders,38 and arrayed waveguides for compact wideband division multiplexers.39,40
PFCB copolymers of 1.1, 1.2, and 1.3 can also be micro-molded into relief gratings for
waveguide applications or melt drawn into polymer optical fibers. PFCB thermoset
polymers can be molded into lenses or other optically clear substrates. Images of PFCB
based passive optical device structures can be seen in Figure 1.3.
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a

b

c

d

e

Figure 1.3. PFCB polymers are excellent substrates for passive optics applications.
a. PFCB thermosets can be molded into a variety of structures including lenses. b, c.
SEM images of PFCB waveguides fabricated by reactive ion etching.40 d. PFCB
polymers can be used to produce air trenches for 45º waveguide air bends.38 e.
PFCB polymers can also be used to create more complicated microstructures such as
arrayed waveguides.40
In addition to passive optical applications, PFCB polymers can be designed to
incorporate active optical substrates as well. Building on the idea that PFCB polymers
are excellent optical matrix materials, a number of examples have been demonstrated for
active waveguide applications. Jen et. al.41 designed electro-optic chromophores with
pendant TFVEs to increase poling efficiencies by post polymerization crosslinking.
These polymers can be used as optical modulators for inline signal modification for
electro-optic waveguide applications.

Rare earth metals such as erbium have been
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incorporated using the carboxylate TFVE ligand30 or via solution blending of rare earth
nanocrystals for use as signal amplifiers for long range communications applications.42

b

a

c

d

e

Figure 1.4. Images of PFCB active optical materials. a. Polarized optical microscopy
of TFVE terphenyl monomer 1.9 shows liquid crystalline Schlieren textures at 170 ºC on
a hotstage. b. Polarized optical micrograph of PFCB transmethylstilbene polymers from
TFVE 1.4. The material shows liquid crystalline ordering under sheer forces. c. CdSe
quantum dot PFCB nanocomposite. PFCB materials have proven to be excellent
supports for the dispersion of inorganic quantum dot particles. d. SEM images of PbS
PFCB composite. The image shows uniform dispersion of the QD particles. e. Solution
photoluminescence of TFVE rare earth complexes.
PFCB polymers have shown great promise as hosts for a variety of inorganic
quantum dot particles such as PbSe, InAs, InAs/ZnSe, and CdSe/ZnS.43 Quantum dots
are useful for a variety of optics applications because of their unique photophysical
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properties including precise control over emission, high luminescence efficiencies, long
luminescence lifetimes, and broad absorption bands.44 While quantum dots have many
advantageous properties, in order to realize their potential for commercial applications,
they need a robust, optically inert host. PFCB polymers have proven to be just such a
host, and with the use of ligating structures PFCB quantum dot composites with as high
as 20% loading have been prepared.45 PFCB polymers doped with quantum dots have
shown promise as optical amplifiers,46,47 scintillators, and emissive materials.48 Images
of PFCB quantum dot composites can be seen in Figure 1.4 c,d.
The incorporation of conjugated, highly aromatic PFCB polymers has led to their
interest

as

liquid

crystals,23,27

charge

transporting

media

for

organic

electroluminescence,28,49,50 and as materials for light emission.6,51 PFCB polymers built
from oligophenylene 1.9 and methyl stilbene 1.4 TFVE’s have been shown to have liquid
crystalline properties due to π-stacking interactions of the conjugated segments. Figure
4a,b shows the birefringent Schlieren textures of PFCB liquid crystalline polymers under
mild shear conditions. Highly aromatic trisbiphenyl amine TFVEs were shown by Kim
et. al.28 to be excellent materials for hole injection layers of organic light emitting diodes.
Such materials have advantages over industry standards such as poly(3,4ethylenedioxythiophene) blended with poly(styrenesulfonate) (PEDOT-PSS) because
they can be crosslinked after spin coating to prevent degredation upon spinning of
subsequent layers. PFCB hexabenzene coronene networks also have potential to be used
for charge transport applications in organic electronics.29 Lastly, highly emissive PFCB
polymers containing conjugated fluorene, benzothiadiazole, phenylene vinylene, and
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phosphorescent Ir [III] complexes have shown excellent promise for organic light
emissive applications.6,51,52

Organic Materials for Electroluminescence

In 1963 Pope et. al.53 reported the first emission from an organic material in the
presence of an electrical field. Single crystals (10 micron) of anthracene coated with
silver electrodes showed electroluminescence with a 400 V driving voltage.

This

phenomena went largely unnoticed due to the success of inorganic light emitting diodes.
It was not until 1982 that Vincett et. al.54 reported the first thin film organic
electroluminescent device. Anthracene was again the emissive material; however, this
time it was a thin film on an aluminum anode with a semi-transparent gold cathode. The
thin film anthracene device lowered operating voltages to 12 V. The birth of modern
organic light emitting diode (OLED) design occurred in 1987 with the ground breaking
work of Tang and Van Slyke.55 They reported the first multilayer device consisting of a
glass coated indium tin oxide (ITO) transparent electrode, an aromatic diamine hole
transporting layer, an 8-hydroxyquinoline aluminum (AlQ3) emissive layer, and a
magnesium-silver alloy cathode. The driving voltage for this device was around 10 V,
and its design still serves as the basis for state of the art OLEDs. (Figure 1.5) While the
operating voltage of this device was much lower, it suffered from short operating
lifetimes. Small molecules are prone to rearrangement to form emission quenching
aggregates due to heat generated from device operation. Nonetheless, OLEDs based on
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transition metal complexes are highly efficient, have superb color clarity and tunability,
and are the only full color organic devices yet to be commercialized.
Since the discovery of conjugated conductive polymers by McDairmid,
Shirakawa, and Heeger,56 conjugated polymers have received a plethora of interest as
candidates for organic electronic devices.

Good mechanical strength, excellent

processability, and facile π-π* excitation without disruption of σ bonds makes conjugated
polymers natural candidates for electroluminescent materials.57 Polymer morphology is a
perfect fit for solving the low lifetime issues of small molecule OLEDs as covalently
linking chromophores can prevent the formation of emission quenching chromophore
aggregates.

The synthesis of poly(p-phenylenevinylene) (PPV)was first reported in

1977,58 and in 1990 PPV was used to construct the first polymer light emitting diode
(PLED).59,60

Since then intensive research has led to PLEDs that span the visible

spectrum and incorporate charge mobility features to increase device performance.57

19

R
n

Cathode

n

R

Electron Transport

1.15
R

N

Emissive
Hole Injection

R

1.21

Anode

O

n

O

n

S

1.16

n

SO3

1.20
O

N

Ir

3

O

N

N N

3

Al

1.17

1.19

1.18

Figure 1.5. Geometry of a thin film OLED device, and structures of state of the art
materials for OLEDs. Poly(p-phenylenevinylenes) 1.15 and poly(fluorenes) 1.16 are
the best candidates for polymeric emissive materials, and tris(phenylpyridine)iridium
[III] ((ppy)3Ir) 1.17 and 8-hydroxyquinoline aluminum (AlQ3) 1.18 are the leading
small molecule emissive materials. 2-Phenyl-5-phenyl-1,3-oxadiazole 1.19 can be
blended with the emissive layer or deposited on top of the emissive layer as an
electron transport species.
Poly(3,4-ethylenedioxythiophene) blended with
poly(styrenesulfonate) (PEDOT-PSS) 1.20 and poly(vinylcarbazole) (PVK) 1.21 are
hole injection layer materials.
The basic design for all OLEDs can be seen in Figure 1.5. The devices are
usually constructed on a glass substrate with a transparent anode of ITO.57 Flexible
polymer substrates such as poly(ethylene terepthalate) with polyaniline electrodes can
also serve as the device support/transparent electrode.61 These technologies, however,
are still under development and do not meet the performance of devices built on ITO
coated glass.

On top of the ITO is a hole injection layer.

constructed

from

electron-accepting
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compounds

This layer is usually

such

as

poly(3,4-

ethylenedioxythiophene)

blended

with

poly(styrenesulfonate)

PEDOT-PSS62

or

poly(vinylcarbazole) (PVK).63 This layer serves to transfer holes from the anode into the
π band (HOMO) of the emissive material. The next layer of the device is the emissive
material. This material can be a conjugated polymer, organic or organometallic small
molecules, or some combination of both. This layer is where holes from the anode and
electrons from the cathode combine to form a neutral species called an exciton. Exciton
decay results in the emission of photons that exit the device through the ITO coated
glass.57 On top of the emissive layer is the electron transport layer, usually made from
electron deficient materials such as oxadiazole based small molecules64 or
poly(methylmethacrylate) (PMMA) derivatives with pendant oxadiazole moities.65 This
layer can be spun onto the emissive layer, incorporated into the emissive layer, or can be
omitted depending on the emissive material and work function of the electrode.57 The
electron transport layer is responsible for the injection of electrons from the cathode into
the π* band (LUMO) of the emissive material. The top section of the device is the
cathode which is made from a low work function metal such as Ca, Mg, or Al. The
design of multilayer devices revolves around matching the energy gap of the conduction
bands in order to ease the movement of holes and electrons through the device, thus
vastly increasing device performance.57
There are two classes of organic materials for electroluminescent devices, small
molecules and polymers. Small molecule devices built around aluminum or iridium
organometallic complexes are the state of the art materials in this class. Kodak has
commercialized a full color display built around AlQ3 derivatives and it can be found as
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the display on the back of digital cameras.

While the AlQ3 devices work well,

phosphorescent iridium complexes represent the next generation of small molecule based
devices. The internal quantum efficieny of phosphorescent devices approaches 100%
because excitons are formed from both the triplet and singlet excited states.66
Phosphorescent Ir [III] compounds are currently responsible for the most efficient white
light based devices, because of their high efficiency and ease of color tuning.67
Unfortunately both AlQ3 and Ir [III] compounds have yet to reach their full potential in
devices because the blends of compounds used to produce full color emission are prone
to phase separation and short lifetimes.68 The cost of fabricating small molecule devices
is also high because chemical vapor deposition is required to produce thin films of the
materials.
Polymer light emitting diodes have the potential to revolutionize the display
industry because of their potential low cost, ease of fabrication, high color contrast and
low driving voltages.57

Single color devices based on green emitting poly(p-

phenylenevinylene) have been commercialized by Phillips and are used on electric razors
and cell phones. The emission of PPV polymers can be tuned from blue to orange by
varying the side chains on the polymer.69,70 The other leading class of polymer for
PLEDs are poly(fluorenes). Suzuki and Yamamoto coupling reactions have been used
for the fabrication of a wide variety of fluorene derivatives. These reactions allow for the
regular insertion of functionality in between the repeating units, thus affording
poly(fluorene) derivatives containing a wide variety of color changing and charge
mobility species.71 Poly(fluorene) derivatives developed by Dow were used to make high
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efficiency blue light emitting diodes with operating lifetimes in the range of 1000 hours
at 150 cd/m2.72 While polymeric materials address many of the problems found in small
molecule devices, they still have some drawbacks. Polymers are more difficult to purify
than small molecules and mobile impurities are detrimental to device performance.57 The
internal quantum efficiency of a polymer device is only 25% because much of the excited
state energy is lost through non-radiative decay. Current state of the art research is
directed at using polymer chemistry to covalently link emissive small molecules to a
conjugated host, allowing for the advantages of both molecular architectures to be
utilized.73

Suzuki Coupling in the Presence of Aryltrifluorovinyl Ethers

The synthesis of organic macromolecules revolves around the ability to form new
carbon-carbon bonds. The facile formation of aromatic carbon-carbon linkages is of
particular importance to the fields of organic electronics, organic photonics, biomedicine,
and organic materials with high thermal and chemical stability.

Transition metal

mediated reactions such as Suzuki74,75, Heck76, and Sonogashira77 reactions are some of
the most popular and useful reactions for the formation of π-conjugated carbon-carbon
bonds. The Suzuki coupling is a Pd catalyzed reaction of organoboron compounds with
organic electrophiles. Suzuki couplings are practical reactions with a wide variety of
uses for a number of reasons. First, the reagents are readily available, nontoxic, and air
and water stable. The reactions occur under mild conditions, are not affected by most
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organic functional groups, and produce byproducts that are easy to remove. Also, the
transformations proceed with high regio/stereoselectivity, and can be used to couple
substrates with high steric interactions.74
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Scheme 1.7. The catalytic cycle for the Pd(0) catalyzed Suzuki couplings. Step 1:
Pd oxidative addition to the aromatic halide. Step 2: Ligand exchange with base.
Step 3: Transmetallation with arylboronic acid. Step 4: Reductive elimination forms
the aryl-aryl coupled product and regenerates the Pd(0) catalyst.
Herbert C. Brown was awarded the 1979 Nobel Prize for the discovery of
hydroboration in 1956.78

Hydroboration made high stability organoboranes readily

available. Their use as coupling reagents in transition metal catalyzed reactions was fully
realized in 1979 by Akiro Suzuki at Hokkaido University.75 Until then Pd(PPh3)4 was a
promising catalyst for the coupling of organoboranes, but the reactions were inconsistent
and low yielding. Suzuki discovered that a base was required to drive the last step of the

24

reaction.74 The first reported Suzuki coupling was the reaction of an alkenyl boron
compound and an aryl halide. It has since been applied to a much wider a array of
substrates, and modifications of the reaction are still the focus of recent research.79 The
basic mechanism for the Suzuki coupling reaction can be seen in Scheme 1.7.
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Scheme 1.8. Attempted synthesis of bisthiophene-TFVE chromophore showed very odd
results in DMF solvent.
Pd catalyzed reactions in the presence of TFVE’s have been used to synthesize a
variety of TFVE monomers. Notably, Jin et. al.27 used Suzuki coupling to synthesize a
series of liquid crystalline oligophenylenes 1.9 and Spraul et. al.29 used Sonogashira
couplings to make the precursors to TFVE-hexabenzenecoronene nano-structures 1.8.
These reactions proceeded smoothly with no unexpected byproducts. It was thought that
TFVEs were unreactive to Pd catalyzed chemistry until the attempted synthesis of TFVE
thiophene derivatives. The Suzuki coupling reaction shown in Scheme 1.8 was carried
out in DMF solvent in an attempt to increase intermediate product solubility and thus
reaction yield. The reaction proved unsuccessful, and Pd oxidation to a black residue was
observed almost immediately after addition to the reaction mixture. Fluorine NMR of the
recovered materials revealed some surprising information. The TFVE groups were gone,
and the existence of new fluorine doublets were observed.

The NMR spectrum

resembled that of addition reactions to TFVEs such as the base catalyzed addition of
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alcohols across the vinyl ether.80 The synthesis of the TFVE thiophene was eventually
completed using dioxane as the solvent and no rogue Pd-TFVE chemistry was observed.6
F
F
O

Br

F
+

Pd(PPh3)4
1 (eq.)
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24 Hr

Scheme 1.9. Model reaction designed to probe the interaction between Pd(0) and
TFVE’s. Reactions were run in DMF-D7 and CDCl3.
In order to probe the TFVE-Pd chemistry occurring in DMF, NMR spectroscopic
studies on a 1:1 ratio of Pd(PPh3)4 and Br-TFVE in DMF-D7 and CDCl3 were performed.
(Scheme 1.9) The fluorine NMR for these reactions can be seen in Figure 1.6. The
DMF reaction showed the appearance of three broad absorptions (Figure 1.6b)
corresponding to the original 3 doublet of doublets (dd) (Figure 1.6a) from the TFVE.
The broad absorption corresponding to the -119 ppm dd indicates that one fluorine has a
greater interaction with the Pd than the other two. This is potentially an indication that
Pd has undergone an oxidative addition to the fluoroolefin at the position α to the oxygen
corresponding to the -119 ppm dd. The DMF proves critical to this chemistry as the
reaction in CDCl3 showed no change in the fluorine NMR spectrum. (Figure 1.6b) This
result was quite surprising since the Pd appears to have a greater affinity for the TFVE
than for oxidative addition to an arylbromide. It was also surprising that the reaction
takes place at room temperature.
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a

b

Figure 1.6.
D7 solvent.

19

F NMR spectra of Scheme 1.9 reactions. a. CDCl3 solvent. b. DMF-

Burton et. al.81 have reported the Pd catalyzed addition of aryl boronic acids to αhalodifluorostyrenes.(Scheme 1.10) These reactions take place in high yields for the αbromine and α-iodine substituents, but are not reactive towards the α-chlorine or αfluorine derivatives. This is in line with traditional Suzuki chemistry since the lower
molecular weight halogen atoms do not favor oxidative addition.
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This leads us to

speculate that oxygen substitution plays a significant role in the activation of the C-F
bond of the TFVE towards reactions with Pd. This is yet another example of the unique
reactivity of fluoroolefin containing oxygen substituents.
Pd(PPh3)4
Ar'B(OH)2
Ar

F

X

F

C6H6

Zn cat. I2
DMF, r.t.

Ar = aryl, heteroaryl
X = Br, I

EtOH

80 oC

K2CO3

Ar

F

Ar'I

XZn

F

Pd(PPh3)4

Ar

F

Ar'

F

51- 91% yield
Ar' = aryl, heteroaryl, ethenyl

Scheme 1.10. Burton et. al.81, Pd catalyzed addition of aryl boronic acids to α-halodifluorostyrenes.
The apparent affinity of Pd(0) for TFVEs led us to run reactions between TFVEs
and arylboronic acids to see if a coupling product could be isolated. The reactions did
not form a consistent product; however, every reaction run in DMF with both TFVE and
Pd showed some kind of destruction of the TFVE. A coupling product was characterized
from the reaction between ethyl 4-(trifluorvinyloxy)benzoate and benzene boronic acid.
(Scheme 1.11) The

19

F NMR spectrum and GCMS for the new fluorinated vinyl ether

are shown in Figure 1.7. The 19F NMR spectrum shows two doublets at -93.1 and -102.6
ppm corresponding to the two fluorine atoms β to the oxygen. A molecular ion peak of
304 was observed in the mass spectrum, along with the appropriate fragmentation
products. The 1H and
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F NMR and the mass spectrum showed the presence of other

products even after silica gel chromatography. Efforts to further purify the product were
unsuccessful.
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Scheme 1.11. Pd(0) catalyzed addition of phenylboronic acid to Br-TFVE.
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Figure 1.7. a. Mass spectrum of compound 1.22. b.
1.22.
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19

F NMR spectrum of compound

If refined further, this chemistry could represent a polymerization route to a new
class of semi-fluorinated polymers, and current work is underway to realize this goal.
The polarity of DMF appears to be responsible for the new chemistry, thus the reactions
should be tried in ionic liquids or other polar organic solvents. Pd(PPh3)4 was the only
catalyst used thus far and other Pd catalysts should be investigated. As a result of this
discovery all Suzuki coupling reactions reported in the following chapters involving
TFVEs were performed in THF or dioxane.
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CHAPTER 2
ARYLTRIFLUOROVINYL ETHER LIGANDS FOR INORGANIC/ORGANIC
HYBRID PERFLUOROCYCLOBUTYL OPTICAL MATERIALS

Introduction

Inorganic materials have immense potential for high performance properties.
This is due to the diverse array of functionality that can be accessed when the entire
periodic table of elements is used as a design canvas for new molecules. Inorganic
materials have led the way for the development of the fields of solid state lasers,82 light
emitting diodes,83 and optical communication technology. Inorganic devices are still the
benchmark of performance that the fields of organic electronics and electroptics are
striving to match. While the performance of inorganic materials is excellent, they come
with some signifigant disadvantages.

First, many of the useful properties of these

materials are obtained only in the form of single crystals. The synthesis of large single
crystals is arduous, costly, and sometimes impossible. If not in single crystal form many
materials derive their unique properties from nanostructures such as quantum dot
materials.44,84 The difficulty of producing large quantities of nanoparticles is on par with
single crystal growth. The need for preparing large batches of nanostructures or single
crystals can be overcome by dispersing them into an organic polymer host. This allows
for the high performance optical properties of the inorganic material to be combined with
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the low cost and ease of processability of an organic polymer.

Many times the

performance of a material can even be improved with a proper host material.
The excellent optical properties of perfluorocyclobutyl aryl ether polymers make
them an ideal host for inorganic active optics materials. Therefore, there exists a need for
TFVE functional ligands to act as a compatablizer between the organic host and the
inorganic material.

TFVE ligands have been used to synthesize organometallic

complexes, functionalize nanoparticles, and incorporate inorganic crystalline powders.
Ballato et. al.30 used TFVE carboxylic acid to synthesize erbium, terbium, and europium
rare earth complexes. These compounds were targeted as signal amplifiers for polymer
waveguides.

Iacono et. al.32,33 used TFVE acid to functionalize POSS cages and

incorporate them into PFCB polymers for surface modification. PFCB polymers derived
from trifunctional monomer 1.1 and sulfonated polymers from biphenyl monomer 1.2
have proven to be an excellent matrix for a number of quantum dot particles.45 Here we
discuss the synthesis and preliminary characterization of TFVEs with phosphonic ester
and acid functionality and TFVE phenylpyridine.

TFVE Phosphate Derivatives

Metal halogen exchange with t-BuLi was used to synthesize TFVE phosphate
derivatives 2.1 and 2.2. (Scheme 2.1) The synthesis of these compounds was previously
reported by Ameduri et. al.85 via a similar organometallic reaction, but the yields reported
for these compounds were very low and the products were not properly purified. TFVE

32

phenyllithium undergoes nucleophilic substitution with chlorodiethylphosphate to yield
4-(diethylphosphate)trifluorovinyloxybenzene 2.1.

The reaction proceeds in good to

moderate yield (67%) and the product was isolated as a clear liquid by silica gel
Ameduri et. al.85 used

chromatography with 10% by volume ethylacetate/hexanes.

vacuum distillation to purify the compound, and the distillation is responsible for the poor
reported yield. The boiling point of compound 2.1 is around 100 ºC at 1 torr or higher if
the proper pressures are not maintained. Heating TFVEs neat at temperatures over 100
ºC is not advisable because at these temperatures and concentrations cyclodimerization
begins to occur. This, combined with the low vapor pressure of compound 2.1, makes for
a very low yielding distillation. The identity of compound 2.1 was confirmed by 19F, 1H,
13

C, and 31P NMR spectroscopy.
F

F

F
F
Br

F

F
O

O
1. t-BuLi
EtO P
2. ClPO(OEt)2
OEt

F
O

F 1. BrSiMe

3

2. MeOH

O

F

HO P

O

OH
2.2

2.1

Scheme 2.1. Synthesis of 4-(diethylphosphate)trifluorovinyloxybenzene 2.1 and 4(phosphonic acid)trifluorovinyloxybenzene 2.2. Metal halogen exhange followed by
quenching with chlorodiethylphosphate gives compound 2.1 which is then converted to
phosphonic acid 2.2 with bromotrimethylsilane.
Compound 2.1 is converted to 4-(phosphonic acid)trifluorovinyloxybenzene 2.2
by

reaction

with

bromotrimethylsilane

followed

by

treatment

with

MeOH.

Recrystallization from chloroform gave compound 2.2 as a white crystalline powder in
90% yield. Ameduri reported 2.2 as a yellow oil, and did not report any purification for
the compound other than basic water extraction.
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The fact that they isolated the

compound as an oil indicates a lack of purity most likely due to impurities in their
starting material 2.1.
The ability to synthesize the arylphosphate TFVE ether derivatives in good yields
opened up their use as ligands for the incorporation of inorganic materials into PFCB.
TFVE phenylphosphoric acid 2.2 was used to incorporate zirconia oxide aerogel into
sulfonated PFCB fuel cell membranes. Compound 2.2 showed excellent affinity for the
surface of the zirconia and created a composite that increased the structural stability of
the fuel cell membranes.86
Phosphate ethyl esters are excellent ligands for the lanthanide elements and have
been used to form lanthanide nanoparticles and nanorods.87

In collaboration with

Michael Bass from the University of Central Florida, TFVE diethylphosphate was used
as a compatibilizer to make PFCB/KY3F10 glass composite materials. Lanthanide doped
KY3F10 has excellent two-photon absorption properties, and has received interest as a
medium for two-photon emissive displays.88 However, large single crystals would be
needed to make a display media and they are difficult and costly to grow.

The

performance of a large single crystal can be mimicked by using crystalline powders
bound together with a polymer host of the same refractive index. Using the reactive
index tunable substrate of monomers 1.1-1.3 and phosphate TFVE 2.1, PFCB polymers
make an excellent polymer host.
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Figure 2.1. Optical micrographs and microscopy of PFCB/KY3F10 glasses.89 a.
Composite material made with 100~400 micron sized crystals, 4:1 ratio of 1.1 to 1.3,
and no phosphate compatiblizer. Even though the refractive index of the polymer
matches the KY3F10 the composite scatters light due to inorganic/organic phase
separation. b. Composite made with 100~400 micron sized crystals, 4:1 ratio of 1.1
to 1.3, and phosphate compatiblizer 2.1. The two phases are evenly dispersed and the
refractive index matching has proven successful.
The design of PFCB/KY3F10 glasses began by preparing a slurry of compound 2.1
and the KY3F10 crystalline powder. This slurry was then added to a mixture of monomers
1.1 and 1.3. A 4:1 ratio of 1.1 and 1.3 gave the proper refractive index match for the
phosphate coated KY3F10 crystals.

Composite glasses were prepared by thermoset

polymerization at 170 ºC for 12 hours. Glasses were prepared with three different sized
crystalline powders: 20~38 μm, 38~100 μm, and 100~400 μm. A control was also
prepared with the same PFCB copolymer without the phosphate compatiblizer. Two
representative glasses can be seen in Figure 2.1. Optical microscopy revealed that the
refractive index was a good match to that of the KY3F10 crystals since the composite
showed good optical clarity. Phosphate 2.1 plays a crucial role in the glass formation.
The glass without phosphate was brittle and opaque due to separation of the inorganic

35

and organic phases. All of the glasses prepared with the 2.1 showed reasonable clarity,
but crystals of 100-400 μm made the best materials. The glasses shown in Figure 2.1 did
crack during curing, but this could likely be avoided by slower heating and cooling to and
from 170 ºC.
In addition to the incorporation of zirconia aerogels and KY3F10 crystalline
powders, TFVE arylphosphates are being investigated as capping ligands for multilayer
lanthanide nanoparticles. Ballato et. al.90 has developed the synthesis of a series of high
performance multilayer lanthanide nanoparticles for emissive applications. One direction
of this project has been the dispersion of these particles into PFCB polymers. This has
been accomplished by using the 4-(trifluorovinyloxy)benzoic acid ligand as the outer
shell of the nanoparticles. Compound 2.1 is also under investigation as the capping
ligand for the lanthanide nanoparticles. Phosphate rare earth interactions have been
shown to produce robust nanoparticles due to the large affinity of phosphates for rare
earth metals.87 Preliminary results using the phosphate TFVE 2.1 as a capping ligand for
these nanoparticles appear promising.
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2.3 TFVE Phenyl Pyridine

Organic heterocyclic bi or tridentate ligands are of great interest in oganometallic
chemistry due to their ability to setup efficient metal to ligand charge transfer
interactions.

Such interactions are responsible for producing organometallic small

molecules with unique redox, catalytic, emissive, and absorption properties.91 Phenyl
pyridine based heterocycles are the basic building blocks for the formation of
phosphorescent ruthenium, osmium, platinum, and iridium organometallic molecules.91
We have developed a TFVE phenylpyridine derivative to synthesize TFVE
organometallics and polymerize them into a PFCB host.
F

F
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F
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1. t-BuLi
2.

O
B O
O

O
O

B

F

Pd(PPh3)4
2M Na2CO3
F
THF

O

F
F
O
N

Br
2.3

2.4

N

Scheme 2.2. Synthesis of 4-(2-pyridyl)trifluorovinyloxybenzene 2.4. Br-TFVE is
treated with t-BuLi, and quenched with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2dioxaborolane to prepare TFVE boronic acid pinacole ester 2.3 (80% yield). TFVE
2.3 then undergoes Suzuki coupling with 2-bromopyridine to form 4-(2pyridyl)trifluorovinyloxybenzene 2.4 (54% yield).
The synthetic pathway for TFVE phenylpyridine 2.3 is shown in Scheme 2.2.
Metal halogen exchange with Br-TFVE and t-BuLi followed by treatment with
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

generates

4-(trifluorovinyloxy)-

benzeneboronic acid pinacol ester 2.3 in up to 80% yield. The product is purified by
water/CH2Cl2 extraction followed by silica gel chromatography.
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Pevious Suzuki

couplings with TFVEs utilized the boronic acid TFVE, however, boronic ester
derivatives have proven to give better yields in Suzuki coupling reactions.
coupling

in

THF

with

2.3

and

2-bromopyridine

yields

Suzuki
4-(2′-

pyridyl)trifluorovinyloxybenzene 2.4 in 54 % isolated yield. The yield for this reaction
would be slightly higher, however, the starting material 2-bromopyridine has nearly the
same elution time as 2.4 making column chromatography a difficult means of
purification. The product was eluted in 7% CH2Cl2/hexanes and only the first 2/3 of the
elution did not contain 2-bromopyridine. The identity of 2.4 was confirmed by GCMS
and 19F and 1H NMR spectroscopy.
4-(2′-Pyridyl)trifluorovinyloxybenzene 2.4 was designed as a polymerizable
ligand for phosphorescent Ir[III] complexes. Park et. al.92 reported the synthesis of a
series of picolinate derived Ir[III] complexes where the ancillary ligand determined the
emissive color of the material. The complexes they reported each contained two 2-(4′,6′difluorophenyl)pyridine ligands and a picolinate derivative ancillary ligand. The goal
was to use two 4-(2-pyridyl)trifluorovinyloxybenzene 2.4 ligands in place of 2-(4,6difluorophenyl)pyridine for the construction of bifunctional TFVE Ir[III] phosphors. We
chose the picolinate subtrates as targets for TFVE functionalization because they were
highly emissive and the color could be tuned across the visible spectrum with the
incorporation of different ancillary ligands.92

The picolinate derivatives were also

excellent candidates because they can be made at 140 ºC, a relatively low temperature for
the synthesis of tris-cyclometalated Ir[III] compounds.
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Scheme 2.3. Synthesis of TFVE Ir[III] picolinate complexes.
Unfortunately, we were unable to synthesize the Ir[III] TFVE phosphors shown in
Scheme 2.3 in good enough yields to fully characterize and polymerize the monomers.
TFVE functionalized chlorine-bridged dimer 2.5 was successfully synthesized by
refluxing in 2-ethoxyethanol/H2O at 110 ºC for 12 hours. The product precipitated out of
solution as a yellow solid, and was isolated by vacuum filtration followed by multiple
washings with a 1:1 mixture of acetone and ethanol. The product identity was confirmed
by
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F and 1H NMR.

The transformation of 2.5 into an Ir[III] phosphor proved

unsuccessful. Reactions run at 140 ºC for 10 hours in 2-ethoxyethanol with Na2CO3
produced large amounts of an insoluble black precipitate. This may have been due to
TFVE dimerization of the product Ir[III] phosphors or the chloro-bridged intermediate.
Dimerization of the chloro-bridged dimer would form networked oligomers that would
likely account for the insoluble precipitate. To determine if there was any soluble
product, the reaction mixture was filtered to remove the precipitate and extracted with
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water/ethylacetate to remove the ethoxyethanol. The organic layer from the extraction
was highly luminescent, but only a few milligrams of material were isolated. There was
not enough product to perform further purification, obtain good NMR characterization, or
make polymer. However, since the materials were highly photoluminescent we were able
to obtain photoluminescence spectroscopy for compounds 2.6-2.8 and that data can be
seen in Figure 2.2. The photoluminescence of the materials matches well with the
compounds synthesized by Park et. al.92 leading us to believe that compounds 2.6-2.8
were synthesized in very small amounts.

Figure 2.2.
Normalized photoluminescence of TFVE Ir[III] piconlinate
derivatives.(350 nm excitation).
The

disappointing

synthesis

of

Ir[III]

phosphors

with

4-(2-

pyridyl)trifluorovinyloxybenzene 2.4 meant we would have to attach TFVEs to Ir[III] in
a different fashion. The successful synthesis of the chloro-bridged intermediate 2.5
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proves that 2.4 can be used as a ligand for the formation of TFVE organometallic
complexes as long as reaction temperatures are controlled to prevent cyclodimerization.

Conclusion

TFVE functionalized diethylphosphate and phosphonic acid derivatives have been
prepared. The synthesis of these compounds has been vastly improved over previous
reports. TFVE diethylphosphate is an excellent ligand for rare earth metals and has been
used to bind KY3F10 crystals together with a refractive index controlled medium. A
TFVE phenylpyridine derivative was prepared, and can be used to form organometallic
complexes.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF HIGHLY FLUORESCENT
PHENYLENEVINYLENE CONTAINING PERFLUOROCYCLOBUTYL (PFCB)
AROMATIC ETHER POLYMERS

Introduction
Poly(p-phenylenevinylenes) (PPV) are a synthetically diverse class of organic
conjugated polymers that have stimulated research towards their use in a wide array of
optics applications.

In addition to being the first materials used in polymer

electroluminescent devices,59 their potential applications include field effect transistors,93
photovoltaic devices,94 electrochromics,95 and organic diode lasers.96,97 PPV materials
have received interest in these applications due to the ability to tune their luminescent and
physical properties by altering side chains,98 via introducing kinks in the polymer
backbone,99 and through copolymerization with other polymers.100
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Scheme 3.1. The two synthetic pathways to PFCB polymers from the versatile 4bromo(trifluorovinyloxy)benzene 1 intermediate are illustrated. Path 1 involves the
synthesis of a di-functional TFVE monomer followed by thermal
cyclopolymerization.
In path 2 TFVE cyclodimerization occurs prior to
polymerization and the TFVE dimer is polymerized via standard step-growth
polymerization chemistry.
Perfluorocyclobutyl (PFCB) aromatic ether polymers are semi-fluorinated organic
polymers with important properties such as high thermal and chemical stability, excellent
optical clarity across the spectrum, and broad synthetic versatility.1 These characteristics
have led to interest in their use in high performance optics,2 polymer light emitting diode
charge transport layers,28, 101 quantum dot encapsulation,45 and organic nanomaterials.33,29
PFCB polymers can be accessed via two synthetic pathways from aryltrifluorovinylethers
(TFVE). (Scheme 3.1) In pathway 1, difunctional TFVE monomers prepared from
commercial phenolics1 or the versatile bromo trifluorovinyl ether intermediate26 BrTFVE undergo a thermally activated [2+2] cyclopolymerization to form PFCB polymers.
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Alternatively, a monofunctional TFVE can be thermally cyclo-dimerized to form a PFCB
dimer that can undergo polymerization via standard step growth chemistry (pathway 2).
Having two polymerization routes to PFCB polymers allows for the synthesis of a wide
range of soluble yet robust PFCB containing materials.
PFCB polymerization has been used to produce materials with tailorable emission
via copolymerization of trifluorovinyl ether chromophores.6 The PFCB ring proved to be
optically inert with no effect on chromophore emission. This fact combined with the
thermal stability, optical clarity, processability and broad synthetic versatility makes
PFCB linked chromophore systems good candidates for use in a wide variety of
applications from polymer light emitting diodes to organic lasers. In this chapter we
discuss the synthesis and properties of two highly luminescent poly(perfluorocyclobutylco-phenylenevinylene) polymers and a phenylene vinylene TFVE monomer.

Synthesis of PFCB Phenylene Vinylenes

Starting from commercial 4-bromo(trifluorovinyloxy)benzene Br-TFVE, metal
halogen exchange with t-BuLi followed by quenching with n-formylmorpholine afforded
4-(trifluorovinyloxy)benzaldehyde 3.1 in good yield (81%).26 (Scheme 3.2)
(Trifluorovinyloxy)benzaldehyde

3.1

was

reacted

with

4-

1,4-dihexyloxy-2,5-

xylenebis(triphenylphosphoniumbromide) 3.5 under Wittig conditions to yield 1,4-bis(2′(4-trifluorovinyloxyphenyl)ethenyl)-2,5-dihexyloxybenzene

3.6.

(Scheme

3.4)

Compound 3.6 was designed as the precursor to PFCB phenylene vinylene polymers.
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However, subjecting compound 3.6 to standard PFCB polymerization conditions (170 oC,
vacuum sealed ampoule) did not yield the desired PFCB polymer, but rather an insoluble
black material was recovered.

It has been observed that TFVEs can undergo

cycloaddition reactions to hydrocarbon olefins.102 In addition to the loss of solubility due
to crosslinking, we also observed loss of chromophore emission. This observation is
consistent with the proposed TFVE crosslinking and loss of the stilbene vinyl groups.
F

F

F

O

Br

F

F

F
2.N-formylmorpholine

O

1. t-BuLi, Et2O

Br-TFVE

3.1

F

F
Br

O

F

F

F
F

O

3.2

X

Δ

F

CHO

Br

1. t-BuLi, Et2O

OHC
2. N-formylmorpholine

F

F

F
O

F
F

O

CHO

3.3

Scheme 3.2. Synthesis of 1,2-bis(4-formylphenoxy)hexafluorocyclobutane 3.3 and
4-(trifluorovinyloxy)benzaldehyde 3.1. Br-TFVE is treated with t-BuLi followed by
quenching with N-formylmorpholine to yield 4-(trifluorovinyloxy)benzaldehyde 3.1.
Compound 3.1 cannot be converted into the cyclobutane dimer by heating due to a
reaction between the aldehyde and the TFVE at dimerization temperatures. To
circumvent this Br-TFVE is converted into 2-bis(4-bromophenoxy)hexafluorocyclobutane 3.2 at 160 ºC. Dimer 3.2 is converted into the aldehyde
derivative 3.3 by treating with two equivalents of t-BuLi followed by an excess of Nformylmorpholine.
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Synthesis
of
1-methoxy-4-(2-ethyl-1-hexyloxy)-2,5xylenebis(triphenyl-phosphoniumbromide) 3.4. Arbusov reaction103 between 2,5bis(bromomethyl)-1-methoxy-4-(2-ethylhexyloxy)benzene and triphenylphosphine in
DMF gave compound 3.4 in 92 % yield.
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Scheme 3.4. Synthesis of phenylenevinylenes containing PFCB polymers 3.7 and
3.8. i. Potassium t-butoxide in EtOH, THF, 24 hr., 70 ºC. ii. Potassium t-butoxide
in EtOH, THF, 48 hr., 70 ºC.
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The inability to thermally polymerize compound 3.6 does not preclude the
formation of PFCB phenylene vinylene materials. By reversing the order in which we
form the PFCB linkage, the cross addition reaction between the TFVE and the stilbene
olefin is avoided. 4-Bromo(trifluorovinyloxy)benzene Br-TFVE was converted into 1,2bis(4-bromophenoxy)hexafluorocyclobutane 3.2 by heating to 170 ºC for 20 hours.
Compound 3.2 was treated with two equivalents of t-BuLi followed by Nformylmorpholine to form the 1,2-bis(4-formylphenoxy)hexafluorocyclobutane monomer
3.3.26 (Scheme 3.2)

The PFCB aldehyde monomer was polymerized under Wittig

conditions with xylenebis(triphenylphosphoniumbromide) compounds 3.4 and 3.5 to
yield PFCB linked phenylene vinylene polymers 3.7 and 3.8.

1,4-Dihexyloxy-2,5-

xylenebis(triphenylphosphoniumbromide) 3.5 and 1-methoxy-4-(2-ethylhexyloxy)-2,5xylenebis(triphenylphosphoniumbromide) 3.4 were chosen due to similarity to well
known PPV materials and for their formation of highly soluble polymers. 1-Methoxy-4(2-ethylhexyloxy)-2,5-xylenebis(triphenylphosphoniumbromide) 3.4 was synthesized via
an

Arbuzov

benzene,103

reaction
(Scheme

from

2,5-bis(bromomethyl)-1-methoxy-4-(2-ethylhexyloxy)-

3.3)

and

1,4-dihexyloxy-2,5-xylenebis(triphenyl-

phosphoniumbromide) 3.5 was available commercially. Wittig polymerization followed
by two precipitations from THF into MeOH yielded moderate molecular weight polymers
(~8700 Mn) that were soluble in common organic solvents (THF, CH2Cl2, acetone, etc.).
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Structural characterization

Figure 3.1. 1H NMR spectra of 3.7 (a) and 3.8 (b). The shifts at 3.5 and 4 ppm
represent the –OCH2- protons and indicate the stereochemistry of the phenylene
vinylene olefin. Integration of these signals provides the cis/trans ratio for the
polymers. *CDCl3
The 1H NMR spectra for 3.7 and 3.8 is shown in Figure 3.1. The two shifts
around 3.5 and 4 ppm for both materials are due to the methylene protons (-OCH2-) of
the alkoxy side chains. The presence of two separate signals is attributed to the random
stereochemistry of the phenylene vinylene olefin99 produced by the Wittig reaction. The
signal near 4 ppm represents the trans olefin and the 3.5 ppm signal represents the cis
olefin. Integration of these signals can be used to calculate the cis/trans ratio of the
phenylenevinylenes. 3.7 is 68% trans while 3.8 contains 45% trans olefin.
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Figure 3.2. Thermogravimetric analysis of 3.7 and 3.8 at a heating rate of 10 °C
min-1 under nitrogen.
Thermogravimetric analysis at a heating rate of 10 °C min-1 was used to measure the
thermal decomposition of the polymers. (Figure 3.2) Both polymers exhibited good
thermal stability with decomposition points near 400 °C, consistent with loss of the
alkoxy side chains on the polymers.98 DSC analysis at 10 °C min-1 up to 250 °C for three
heating cycles did not reveal any appreciable thermal transition for either polymer. This
is not surprising as the long alkoxy side chains and stereo irregularity of the polymer
backbone should make a highly amorphous material.
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Optical Properties of PFCB Phenylene Vinylenes

Table 3.1. Properties of poly(perfluorocyclobutyl-co-phenylenevinylene) polymers

/nm c Ems/nm d Φ e
Polymer Td/ºC a Mn x 10-3 b Mw/Mn λmax
(THF)
(THF)
3.7

390

8.78

1.53

325, 392

445

λmax/nm f Ems/nm g
(film)

0.68 336, 391

(film)

495

405
8.63
1.67 324, 379 442
0.71 330, 384 485
-1
b
TGA onset at 10 °C min in N2. GPC in CHCl3 using polystyrene standards. c
Solution absorption in THF; bold number represents stronger band. d Solution
emission in THF at λmax. e Solution quantum yield measured using quinine sulfate
as a standard. f Absorption of polymer thin film on quartz glass. g Thin film emission
on quartz glass at λmax.

3.8
a

The optical properties of the materials were measured by solution and solid state
absorbance and photoluminescence spectroscopy. Polymers 3.7 and 3.8 exhibited a
characteristic bimodal absorption in both solution and thin films, with absorption maxima
of 392 and 379 nm respectively. (Figure 3.3) Figure 3.3 also shows photoluminescence
measured as a dilute solution in THF; both polymers exhibited similar emission maxima
of 445 nm for 3.7 and 442 nm for 3.8. The emission of 3.8 is blue shifted by nearly 110
nm as compared to commercial MEH-PPV in THF.104 This is likely due to the reduction
of phenylene vinylene conjugation length brought about by the PFCB linkage and the
presence of non-alkoxy substituted benzene rings in the phenylene vinylene
chromophore.98
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Figure 3.3. Solution absorbance and photoluminescence (λmax excitation) of 3.7 and
3.8.
Solution state quantum yields were calculated for these polymers as compared to
quinine sulfate as a standard. Both polymers exhibited high luminescence efficiencies
with 68% for 3.7 and 71% for 3.8. The solution emission curve and the quantum yield of
3.7 compare well to the emission of 1,4-bis(2′-phenylethenyl)-2,5-dihexyloxybenzene99
confirming that the PFCB unit has little electronic effect on chromophore emission.
In order to evaluate the solid state emission of 3.7 and 3.8, thin films of the
materials were spun cast from THF onto a quartz substrate and dried under vacuum
overnight. The solid state absorption again showed characteristic bimodality with only a
slight red shift observed for both materials compared to solution values. (Figure 3.4)
The photoluminescence of the materials, however, showed a red shift of 40 nm,
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consistent with the shift seen in 1,4-bis(2′-phenylethenyl)-2,5-dihexyloxybenzene.99 The
3.8 emission in the solid state was blue shifted by nearly 100 nm from commercial MEHPPV films.

This is likely due to several factors: (1) the PFCB linkage reduces

chromophore conjugation length, (2) the presence of non-alkoxy functionalized benzene
rings,98 and (3) the random stereochemistry around the PFCB ring and the stereoirregularity of the phenylene vinylene olefin preventing stacking of the phenylene
vinylene unit. These factors combine to blue shift the emission of the chromophore and
reduce the bandgap of the polymer.99

Figure 3.4. Solid state absorbance and photoluminescence (λmax excitation) of 3.7
and 3.8 thin films on a quartz substrate.
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The optical properties of 3.7 and 3.8 match those that are required for gain layer
materials in organic laser diodes.97 Both polymers exhibit good photoluminescence
efficiencies and have high chromophore densities.

In addition, the absorbance and

photoluminescence spectra show a large Stokes shift, which is necessary to prevent
exciton reabsorption.97 In addition to the good emissive properties of the new polymers,
the optical clarity and thermal and photostability of the PFCB ring should allow them to
function well under stimulated emissive conditions.

Conclusions

Wittig reaction conditions were used to form two new phenylenevinylene
containing

perfluorocyclobutyl

aromatic

ether

polymers

and

a

bis-TFVE-

phenylenevinylene monomer 3.6. Thermal cyclopolymerization of monomer 3.6 did not
produce the target polymer, so PFCB-aldehyde dimer 3.3 was used under Wittig
conditions to form poly(perfluorocyclobutyl-co-phenylenevinylene) polymers 3.7 and
3.8.

The polymers exhibited good materials properties including excellent thermal

stability, high photoluminescence quantum yields, good separation of the absorption and
photoluminescence spectra, and excellent processability. Finally, work is underway to
evaluate these polymers for LED emissive layers and as substrates for gain materials in
organic light emitting diodes.
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CHAPTER 4
MIXED CHROMOPHORE PFCB POLYMERS FOR TAILORED
LIGHT EMISSION

Introduction

The discovery of efficient electroluminescent (EL) organic conjugated polymer
thin films has generated a tremendous research effort toward the design and fabrication of
organic or polymer light-emitting diodes (PLED).55,59,105,106 Polymeric emissive displays
have the potential to produce high contrast images while mitigating the cost, space,
weight, and high power consumption of inorganic based devices. Single-color PLEDs
based on polyphenylenevinylene (PPV) and polyfluorene are well established and used in
a limited number of commercial products. Recently, the potential to tune the emission of
a single polymer has focused a great deal of research towards the construction of devices
that appear white to the human eye.107,108 A single polymer which emits over a broad
spectral range has a number of advantages over a polymer blend or a blend of small
molecules.

Polymer and small molecule chromophore blends have been shown to

produce white light.106 However, they typically translate to poor devices that are prone to
failure due to phase separation and they tend to be more difficult to process than a
polymer system. More recently, the covalent introduction of a variety of fluorescent and
phosphorescent dyes to polyfluorene has created linear polymers with white or very near
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white emission with relatively efficient electroluminence.71

While the covalent

attachment of dyes to polyfluorene produces white emission, the multi-step monomer
synthesis can be arduous and costly. Furthermore, it is difficult to remove the residual Pd
from Suzuki type polymerizations which has detrimental effects on device
performance.109
Here we report the synthesis of a modular chromophore polymer based on the
cyclodimerization of aryltrifluorovinyl ethers to form perfluorocyclobutyl (PFCB)
polymers. PFCB polymers have enjoyed a great deal of interest as passive optical
materials due to their high Tg, high thermal stability, superior optical clarity into the near
IR, and broadly tailorable compositions.1

These properties also make them good

candidates for materials in active optics such as PLEDs. The use of fluorinated polymers
has been shown to decrease aggregation and prevent excimer formation resulting in
increased EL brightness at reduced turn on voltages.110 The ability to functionalize a
wide variety of substrates with trifluorovinyl ethers (TFVE) allows for the construction of
copolymers with nearly any composition desired.1 For example, PFCB based charge
transport materials have shown promise increasing the efficiency of PLEDs.28,49,50,111
The synthesis, characterization, and polymerization of three TFVE chromophore
monomers is discussed below. Photoluminescence studies show that the emission of the
materials can be tuned by varying the monomer ratio.
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Monomer Synthesis
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Scheme 4.1. Synthesis of trifluorovinyl ether chromophore monomers via Pd(0)
catalyzed Suzuki coupling.
Monomers 4.1 4.2, and 4.3 were synthesized in one step from commercial
products under Pd catalyzed Suzuki conditions. (Scheme 4.1) The yields for 4.1 and 4.3
were good, while the yield for 4.2 suffered slightly due to poor solubility of the
intermediate product. Carrying out Suzuki chemistry in the presence of TFVEs provided
some difficulty at first. The reactions were first attempted in DMF (a common Pd
coupling solvent) and failed due to the polar solvent facilitating Pd coordination and thus
undesired addition chemistry to the TFVE.

DME also proved unsuccessful due to

problems with intermediate product solubility. Dioxane proved to be the solvent of
choice for 4.2 and 4.3, and THF was the best for the synthesis of 4.1. Monomer
purification was accomplished via recrystallization from MeOH followed by filtration
over alumina to remove any residual Pd catalyst. All three monomer structures were
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confirmed by

19

F, 1H, and

13

C NMR spectroscopy, and elemental (C, H, and N)

combustion analysis.
F
F

F

F
F

O
F

SOCl2

O

F

F

O

F
4.4

F
HO

O

Cl

O

O

+
F

F

NMP

F

F

F

EtOH

NH
HN

O

F

O 24 hr 50 oC

F
F

O
O

O
N N
4.7

F
4.5

O

NH2NH2 . H2O
EtO

POCl3

O

O

F
F

H2NHN

O

F

F
F

4.6

Scheme 4.2. Synthesis of oxadiazole containing TFVE monomer 4.7. 4-(Trifluorovinyloxy)benzoic acid is converted into 4-(trifluorovinyloxy)benzoyl chloride 4.4 by
heating in SOCl2. Ethyl 4-(trifluorvinyloxy)benzoate is converted into TFVE
hydrazide by refluxing in EtOH with 1.2 equivalents of hydrazine monohydrate.
Coupling of 4.4 and 4.5 in NMP producing intermediate monomer 4.6. The
oxadiazole ring of compound 4.7 is formed by heating 4.6 in POCl3 for 24 hours at 50
ºC.
In addition to chromophore monomers 4.1-4.3, a bis-TFVE oxadiazole monomer
was prepared. (Scheme 4.2) Oxadiazole compounds have received much attention as
materials for electron transport layers of light emitting diodes.64,65 TFVE oxadiazole 4.7
was prepared from two TFVE building blocks, 4-(trifluorovinyloxy)benzoyl chloride 4.4
and TFVE hydrazide 4.5. 4-(Trifluorovinyloxy)benzoyl chloride 4.4 was prepared by
refluxing 4-(trifluorovinyloxy)benzoic acid for 3 hours in thionyl chloride.

TFVE

hydrazide 4.5 was synthesized from ethyl 4-(trifluorvinyloxy)benzoate via amidization
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with hydrazine monohydrate in EtOH. Reagents 4.4 and 4.5 were coupled by stirring in
NMP, and POCl3 activated oxadiazole ring closure gave compound 4.7 in 46% yield.
The synthesis of oxadiazole TFVE 4.7 proceeded smoothly until the ring closure step.
Ring closure of bishydrazide is normally accomplished by refluxing in SOCl2. However,
prolonged exposure of TFVE to SOCl2 at elevated temperatures causes chlorination of
the fluorinated olefin. In order to prevent the formation of the chlorinated byproduct, the
reaction was run in POCl3 at 50 ºC.. Intermediate 4.6 was soluble in POCl3 at much
lower temperatures than in SOCl2 and this allowed the reaction to be run at lower
temperature which helped to prevent chlorination. Olefin chlorination was not the major
product of the reaction, however, any loss of polymerizable functionality is detrimental to
the formation of high molecular weight polymer. Silica gel chromatography was used to
purify 4.7, and the final product contained only a small amount of chlorinated olefin. The
product was analyzed by

19

F and 1H NMR spectroscopy. The ability to copolymerize

TFVE emissive materials with oxadiazole compounds could allow for the emissive layer
to be combined with the electron transport layer thus saving time and cost in PLED
construction.57
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Polymer Synthesis
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Scheme 4.3. Polymerization of trifluorovinyl ether monomers occurs at 170 ºC in a
vacuum sealed ampoule.
The homopolymerization of 4.1-4.3 was carried out in a sealed ampule under
vacuum at 180 °C. (Scheme 4.3)

Unfortunately, only 4.1 yielded a soluble

homopolymer, most likely due to the solubilizing hexyl groups at the 9,9 position of the
fluorene. Polymerization of monomers 4.2 and 4.3 were observed by DSC, however
NMR and molecular weight characterization was not possible due to insolubility. The
loss of solubility in homopolymers from 4.2 and 4.3 is not surprising due to their rigid
aromatic structure.

Similar insolubility was observed for previously reported

oligophenylene PFCB polymers.27 In order to produce soluble polymer, 4.1-4.3 were
copolymerized (10 wt% chromophore) with commercially available biphenyl monomer
1.2 to form polymers 4.8-4.10. Copolymerization produced soluble copolymers with
good molecular weight. These materials are readily soluble in common organic solvents,
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film forming, and can be processed in a similar fashion to typical PFCB materials.1 The
copolymers showed remarkable thermal stability with decomposition temperatures over
450 °C and Tg values around 150 °C. (Figure 4.1, Table 4.2) In addition to single
chromophore copolymers, a copolymer 4.11 with all three chromophores in a 5% by
weight ratio was synthesized. This polymer was also easily solution processed into films
and exhibited the same thermal stability and high Tg of the other materials. Finally, two
crosslinked glasses with 1.1 were prepared with all three of the chromophores (0.15 wt%
and 7.5 wt%, Figure 4.7e-i). A large crosslinked glass with 4.85% by weight 4.1 in 1.1
was prepared to demonstrate the scalability of the chemistry.

Figure 4.1. Differential scanning calorimetry for polymers 4.8-4.12. Scans were
taken at a heating rate of 5 °C /min and a second heating curve is shown. All
materials have glass transition temperatures of over 125 ºC. The upwards tail of the
curves past 200 ºC is attributed to further polymerization of the TFVE endgroups.
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Optical Characterization

Table 4.1: Selected properties of monomers 4.1-4.3.
Monomer Tm/°C a λmax/nm b Ems/nm c Φd
102
331
363, 380 0.43
77
374
430, 456 0.18
153
385
493
0.61
a
DSC (5 °C min-1) in nitrogen, first
heating. b Solution absorption in THF. c
Solution emission in THF at λmax. d
Quantum yield measured using quinine
sulfate as a standard.115

4.1
4.2
4.3

The luminescent properties of these materials were studied by UV-Vis absorption
and photoluminescense spectroscopy in both solution and thin film. Fluorene-TFVE 4.1
showed a maximum in absorption at 330 nm and a maximum in photoluminescence at
380 nm.

Bisthiophene-TFVE 4.2 and benzothiadiazole-TFVE 4.3 were both green

emitters with absorption maxima at 374 and 384 nm and photoluminescence maxima at
430 and 493 nm, respectively. (Table 4.1, Figure 4.2) The absorption and emission
values for 4.1-4.3 match almost identically the literature values for the model compounds
without the TFVE groups.112,113,114 The shape of the emission curves also matches well
to the literature data with 4.1 and 4.2 showing characteristic multiple emission bands.
Thus, the TFVE group is a means of polymerizing chromophores without effecting
chromophore emission.

Solution phase photoluminescent quantum efficiencies were

calculated for the monomers by comparison to quinine sulfate.115 All monomers showed
high quantum yields, but the benzothiadiazole was by far the most efficient at 61%.
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Polymers 4.1 and 4.2 exhibited quantum efficiencies of 44% and 18%, respectively. The
calculated quantum yields for these materials are consistent with the literature values for
the model compounds. Solution state quantum yields were also calculated for the 10%
chromophore/1.2 copolymers 4.8-4.10. All chromophores exhibited similar efficiency
when copolymerized with 1.2, with 4.3 again showing the highest efficiency at 58% for
the copolymer. (Figure 4.3, Table 4.2) It was encouraging to observe that chromophore
emission remains the same for the monomers and their corresponding polymers in
solution.

Figure 4.2. Absorbance and photoluminescence (λmax excitation) spectra of TFVE
chromophore monomers 4.1-4.3 as a dilute solution in THF. The emission of the
chromophores cover a 120 nm span and the absorption and emission values are
consistent with the literature values for model compounds without TFVE
groups.112,113,114
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Figure 4.3. Absorbance and photoluminescence (λmax excitation) spectra of 10%
chromophore/BPVE copolymers 4.8-4.10 as dilute solutions in THF. The biphenyl
comonomer has no effect on the emission of the chromophores. The optical
properties are once again consistent with the literature values for model compounds
without TFVEs.112,113,114
One of the major advantages of TFVE polymerizations is the ability to
copolymerize many monomers into a random copolymer.

Thus, the photophysical

properties of mixed chromophore copolymer 4.11 were of particular interest.

The

solution state PL (Figure 4.4) shows the emission from all three chromophores, yet the
overall emission of the material is dependent upon the excitation wavelength. When the
copolymer is excited at the wavelength for one chromophore, the copolymer emission
was dominated by that chromophore.

Even more exciting is when terchromophore

polymer 4.11 is excited at the absorption wavelength for monomer 1.2, the biphenyl unit
appears to facilitate intrachain energy transfer, thus providing a very broad emission.
Further evidence that the presence of the PFCB ring has no significant optical effect on
chromophore emission is shown in Figure 4.5.
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Figure 4.4. Photoluminescence overlay of the terchromophoric polymer (4.11) at
various excitation wavelengths in a dilute THF solution. The emission of the material
is dependent upon the excitation wavelength. Emission is dominated by the
chromophore that corresponds to the excitation wavelength (λexc = 330 nm produces a
blue emission from the fluorene, λexc = 374 nm produces a green emission from the
thiophene and benzothiadiazole). When the material is excited at the wavelength of
the host monomer 1.2 (λexc = 295 nm) intrachain energy transfer excites all
chromophores producing a very broad emission.

64

Table 4.2: Selected polymer properties.
Polymer Composition (feed ratio)a Tg/°C b Td/ºC c Mn x 10-3 d Mw/Mn λmax/nm e Ems/nm f Φ g
4.1:1.2 (1:10)
138
487
22.3
2.52
258
362, 382 0.44
4.8
4.2:1.2 (1:10)
146
491
22.1
2.65
254
431, 456 0.23
4.9
4.3:1.2 (1:10)
158
453
19.1
3.57
255
491
0.58
4.10
g
467
18.2
2.68
256
363
0.49
4.11 4.1: 4.2: 4.3:1.2 (1:1:1:20) 140
138
484
16.7
2.66
331
382
0.39
4.12
4.1
a
b
-1
Monomer composition and weight feed ratio. DSC (10 °C min ) in nitrogen, second heating.
c
TGA onset at 5 °C min-1 in N2. d GPC in CHCl3 using polystyrene standards. e Solution
absorption in THF. f Solution emission in THF at λmax. g Quantum yield measured using quinine
sulfate as a standard.115 g Multiple emissions, see Figure 4.3.

Spun cast films for the 4.1 and 4.3 polymer systems gave similar results to the
solution data. However, the thiophene based copolymer 4.9 showed significant red
shifting, likely due to aggregation of the highly aromatic system present in monomer 4.2.
(Figure 4.6) Unlike the solution data, solid-state PL studies revealed that the 4.11
system readily underwent energy transfer to the benzothiadiazole chromophore 4.3
resulting in only green emission. Previous white light emitting poly(fluorene) based
materials discussed earlier rely on such energy transfer to produce the desired emission.68
The effect of energy transfer on the emission of the materials is demonstrated in Figure
4.7e-i. Mixed chromophore PFCB network glasses were prepared using a trifunctional
monomer 1.1. The emission of the crosslinked glasses are very similar to the solution
data for polymer 4.11. When the concentration of the chromophore monomers is low, the
emission is dependent upon the excitation wavelength similar to 4.11 in solution.
Increasing the chromophore concentration facilitates energy transfer to the lower energy
benzothiadiazole 4.3 moiety, and only green emission is observed regardless of excitation
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wavelength. This leads us to believe that tuning the concentration of the chromophores
in the polymers will allow us to obtain the desired emission in the solid state.

Figure 4.5. Photoluminescence overlay of all materials containing 4.1 at λexc = 330
nm. The emission is independent of the fluorinated group.
In addition to showing how chromophore concentration affects the emission of
the polymer, PFCB network chromophore glasses have received interest as materials for
optical scintillators.

Scintillating materials emit photons in the presence of gamma

radiation, and materials with a large Stokes shift and good optical clarity are needed so
that photons can be measured and not reabsorbed by the material. Monomer 4.1 has such
a Stokes shift, and when copolymerized with 1.1, has excellent optical clarity. A large
one inch high by inch diameter glass containing monomer 4.1 was prepared for
evaluation as a scintillating sensor for gamma radiation. The material is currently under
investigation at Sandia National Laboratory, and further work is underway to tune the
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chromophore concentration in the glass for use as a gamma radiation detector for public
security. (Figure 4.7j,k)

Figure 4.6. Solid state PL overlay (λmax excitation) of copolymers 4.8-4.12 as thin
films.

67

a

c

b

d

e

h

j

f

g

i

k

Figure 4.7. Photographs of mixed chromophore PFCB polymers. a. 4.8 under
ambient light. b. 4.8 under 365 nm UV. c. 4.9 under ambient light. d. 4.9 under
365 nm UV. e-i. PFCB networks glasses (1 cm diameter) e. 0.15 weight % total
chromophore, under ambient light. f. 0.15 weight %, 254 nm light. g. 0.15 weight
% 365, nm light. h. 7.5 weight % total chromophore, under ambient light. i. 7.5
weight %, 365 nm. j. 4.85 weight % 4.1 PFCB network glass (1” x 1”), under
ambient light. k. 4.85 weight % 4.1, 365 nm light.
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Conclusions

Perfluorocyclobutyl polymer chemistry provides an efficient modular platform for
the copolymerization of multiple lumiphores without affecting the emission. In addition
the PFCB linkage provides an amorphous material, superb optical clarity, enhanced
solubility, and high thermal stability. Three TFVE functionalized chromophores have
been synthesized and characterized. These materials are easily prepared in one step from
commercial precursors and can be readily copolymerized into linear polymers. A TFVE
functionalized oxadiazole electron transport monomer has also been synthesized.
Photoluminescence studies show that TFVE and PFCB groups have no effect on the
emission of the chromophore. This demonstrates that the PFCB linkage can act as an
optically inert pathway for the construction of mixed chromophore emissive materials.
Network glasses were prepared by copolymerization monomer 1.1 to demonstrate how
chromophore concentration affects emission and show the range of materials accessible
from these polymers.

Work is currently under way to tune the emission of these

materials into the red region by introducing TFVE functionalized phosphorescent Ir[III]
complexes,116 increase the charge carrying properties of these polymers by
copolymerizing TFVE functionalized oxadiazole 4.7, and construct electroluminescent
devices from these materials.
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CHAPTER 5
MICROWAVE ENABLED SYNTHESIS OF HETEROLEPTIC TRISCYCLOMETALATED IRIDIUM[III] DERIVATIVES

Introduction

The photophysical properties of 4d6 and 5d6 metal complexes such as those of
Ru[II],117 Os[II],118 and Ir[III]62 have generated extensive research towards their use in a
variety of photonic applications. In particular, the room temperature high luminescence
efficiencies and long excited state lifetimes of tris- or bis-cyclometalated Ir[III]
complexes make them good candidates as emissive materials for organic light emitting
diodes.67 The ability to harvest excitons from both the singlet and triplet excited states
produces quantum efficiencies of up to 100%.

In addition to providing excellent

electroluminescent properties, the emission from Ir[III] complexes can be tuned over the
entire visible spectrum by changing the cyclometalating ligands.92,119 By combining the
red, green and blue emission of several different Ir[III] complexes, devices which appear
white to the human eye can be fabricated.67
Ir[III] complexes can also act as low energy dopants in conjugated organic
polymers such as poly(fluorene) and poly(carbazole).

In these systems the organic

polymer acts as an emissive pump for the phosphorescent Ir[III] increasing the overall
emission of the material. The low energy Ir[III] complexes act as charge trapping sites
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where strong spin orbit coupling facilitates mixing of the singlet and triplet excited states
providing efficient pathways to phosphorescence.119 These types of systems can be tuned
so that incomplete energy transfer between the polymer host and heavy metal center
provides emission from both host and guest materials. While guest/host systems have
been shown to make decent devices, blends of organic polymers and organometallic
complexes are prone to phase separation and chromophore aggregation. Covalently
attaching the organometallic complex to the polymer can prevent the formation of
emission quenching aggregates, and such strategies have produced the most efficient
white light devices to date.68,120 However, the synthesis of Ir[III] containing polymers is
quite arduous due to the difficulty of synthesizing Ir[III] compounds with reactive or
polymerizable cyclometalating ligands.
While there are many examples of tris-cyclometalated Ir[III] complexes reported
in the literature, the synthesis of compounds generally requires temperatures greater than
140 ºC and are produced in low to moderate yields. (Scheme 5.1) Steric interactions and
the potential to form facial and meridonal isomers make tris-cyclometalated complexes
difficult synthetic targets.

Thompson et. al.121 has shown that reaction temperature

controls isomer formation. Temperatures of over 190 ºC and long reaction times are
required to shift reaction equilibrium towards the thermodynamically favored, more
luminescent facial isomer. Prolonged exposure to temperatures of 190 ºC is not favorable
to forming tris-cyclometalated Ir[III] compounds with reactive or polymerizable
functionality. In order for Ir[III] complexes to realize their potential as phosphors for
polymer/organometallic hybrid LEDs, a less aggressive Ir[III] synthesis is needed.
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Several attempts have been made to develop low temperature methods for the
synthesis of facial tris-cyclometalated Ir[III] compounds. (Scheme 5.1) The formation of
Ir[III] chlorobridged dimer intermediates occurs in high yield at temperatures of 120 ºC.
This complex is a key starting material for lowering the formation temperatures of facial
Ir[III] complexes.

Mann et. al.122 reported that converting Ir[III] chlorodimers to

hexafluorophosphate salts with AgPF6 can add the ancillary ligand at 100 ºC with
complete facial isomer formation. Unfortunately, the reactions required five days to give
only a 65 % yield. While this method is time consuming, it was used to synthesize facial
Ir[III] complexes with polymerizable styryl functionality. In addition to ligand exchange
reactions, microwave energy has been reported to aid in the synthesis of Ir[III]
complexes.123 Konno et. al.124 reported the synthesis of facial trisphenylpyridine from
IrCl3 in 75% yield after microwave irradiation for a few minutes. The reaction, however,
required a 100 equivalent excess of 2-phenylpyridine in order to give good yields, and the
applicability of this strategy to other heterocyclic ligands was not studied. Matsumura et.
al.125 reported that the need for excess ligand could be overcome with the use of Ir(acac)3
as the starting material, but the reported yields were lower (~40%) and only two
derivatives were synthesized via this method. Here we report the microwave enabled
synthesis of homo- and heteroleptic tris-cyclometalated Ir[III] complexes from
chlorobridged Ir[III] intermediates in high yield and greatly reduced reaction times. We
have used this method to design complexes which emit from 480 to 610 nm and contain
ancillary dibromo aryl ligands for covalent incorporation into conjugated organic
matrices.
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Scheme 5.1. Reported synthetic routes to fac-Ir[III] phenylpyridine derivatives.

Synthesis of Heteroleptic Triscyclometalated Ir[III] Complexes

4′,6′-Difluoro-2-phenylpyridine 5.1 was synthezied by Suzuki coupling between
2-bromopyridine and 4,6-difluorobenzeneboronic acid. Column chromatography was
used to isolate the product in a 78% yield. A regioselective Suzuki coupling between
2,5′-dibromophenylpyridine and 4-bromobenzene boronic acid was used to synthesize
4,4′-dibromo-2-phenylpyridine 5.2. The bromine ortho to the pyridyl nitrogen is more
reactive towards Suzuki couplings, and the formation of the other regioisomer is not
observed. The product was isolated in an 83% yield after column chromatography.
(Scheme 5.2) All other heterocyclic ligands were purchased and used without further
treatment.
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Scheme 5.2. 4′,6′-Difluoro-2-phenylpyridine 5.1 and 2,5′-dibromophenylpyridine 5.2
were prepared via Suzuki coupling.
Starting from IrCl3, chlorobridged Ir[III] intermediates were synthesized via the
Nonoyama method126 by heating at 120 ºC in the presence of a slight excess of
heterocyclic ligand. The chlorodimers were produced in excellent yields of 80-90%. The
chlorodimers were converted into the tris-heterocyclic complexes via reaction under
microwave irradiation in the presence of a 20-40 times excess of ancillary ligand.
(Scheme 5.3) The reactions took place in 5-12 mins and occurred in 80-93% yield. A
typical reaction involved starting with 100 mg of chlorodimer and 1.0 g of ancillary
ligand. The reaction was subjected to microwave energy until all of the chlorodimer had
dissolved (indicating complete reaction).

Since a large excess of ancillary ligand

remained in solution, up to 200 mg more chlorodimer could be reacted in 100 mg
increments. There was a large enough excess of ancillary ligand left in solution after
each step to not effect reaction times. When all 300 mg of chlorodimer was added
immediately, however, the reaction rate required more time under microwave irradiation;
thus all reactions were run in a two or three step process. The structures of iridium
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compounds 5.3-5.10 are shown in Figure 5.1 and the reaction details for each compound
can be found in Table 5.1.
R

N
+ IrCl3

N

2-EtO-EtOH

C

Cl
Ir

120 oC
12 hr

C

microwave irradiation
5-10 min

N
Ir

Cl

2-EtO-EtOH

C

2

2

R

N
30 equiv.

80-90 %

R

S

N

2
80-94 %
R
R = H, Br
N

N
= S

Ir
C

N
N

N

N

F

C
F
btp

bt

ppy

dfppy

Scheme 5.3. IrCl3 reacts with a slight excess of a cyclometaling ligand to form Ir[III]
chlorobridged intermediates. Microwave energy and a 20-40 times excess of ligand
affords heteroleptic tris-cyclometalated Ir[III] phosphors in high yields and short
reaction times.
The four compounds containing 2-phenylpyridine as the ancillary ligand 5.3-5.6
were synthesized using ethylene glycol as the solvent. These compounds crystallized out
of the reaction mixture upon cooling to room temperature and were isolated by vacuum
filtration. Excess ancillary ligand was recovered by water/CH2Cl2 extraction of reaction
solvent. This simple purification technique allows for the preparation of pure Ir[III]
phosphors from chlorodimers in excellent yields in under 30 minutes. This is a vast
improvement over previous synthetic methods, and justifies the use of an excess of
ancillary ligand.
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Figure 5.1.
Structures of heteroleptic tris-cyclometalated Ir[III] phosphors
synthesized from chlorodimer intermediates with microwave energy.
Dibromo derivatives 5.7-5.10 were moderately more difficult to prepare, because
the compounds did not crystallize out of the reaction solvent, 2-ethoxyethanol. The
synthesis of compounds 5.7-5.10 was unsuccessful in ethylene glycol because the 2,5′dibromophenylpyridine 5.2 ancillary ligand was not soluble. The reactions proceeded
smoothly in 2-ethoxyethanol, a better solvent for the ancillary ligand, but column
chromatography was required to purify the products. The column, however, allows for
isolation of both the Ir[III] phosphor and the excess dibromo ligand 5.2. Compound 5.2
was isolated with 4% EtOAc/hexanes and the Ir[III] phosphor eluted in pure CH2Cl2.
Isolation of both materials via silica chromatography negates the requirement of excess
ancillary ligand. Compounds 5.7-5.10 contain dibromo functionality that can be used in
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Suzuki or Yamamoto coupling reactions to incorporate these phosphors into conjugated
organic materials.

Table 5.1. Reaction Conditions for Microwave Ir[III] Synthesis
Compound

BisLigand

Ancillary
Ligand

Solvent

Equiv. Ancillary
Ligand

Reaction Time

%
Yield

5.3

dfppy

ppy

HO-Et-OH

39

3 min

91

5.4

ppy

ppy

HO-Et-OH

34

3 min

94

5.5

bt

ppy

HO-Et-OH

42

4 min

92

5.6

btp

ppy

HO-Et-OH

42

5 min

90

5.7

dfppy

dbppy

2-EtO-EtOH

20

8 min

81

5.8

ppy

dbppy

2-EtO-EtOH

17

8 min

87

5.9

bt

dbppy

2-EtO-EtOH

21

10 min

84

5.10

btp

dbppy

2-EtO-EtOH

21

12 min

80

Structural Characterization

1

H NMR spectroscopy was used to determine the identity of all Ir[III] compounds

and chlorodimers intermediates.

Unfortunately, the large number of non equivalent

phenyl protons made assignment of each shift impossible for most examples. However,
the reaction of the ancillary ligand could be monitored by the disappearance of the
doublets at 9.6 and 9.8 ppm from the hydrogen nearest the pyridyl nitrogen of the
chlorodimers. The 1H NMR spectrum for the trisphenylpyridine compound 5.4 was very
well resolved, and was consistent with published spectra for the facial Ir(ppy)3.125
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Attempts to grow single crystals of the complexes were unsuccessful except for
the 2-(2′-benzothienyl)pyridinato derivative 5.6. Crystals suitable for single crystal x-ray
diffraction were grown by slow evaporation from a 1:1 by volume solution of MeOH and
CH2Cl2. The ORTEP representation for 5.6 is shown in Figure 5.2. The structure
obtained had a goodness of fit to f2 of 1.5, which is marginal at best. The data was
difficult to fit because the ligands were buried in noise, likely due to solvent cocrystallized in the lattice. Nevertheless, the bond distances around the pseudo-octahedral
Ir[III] center are in line with other tris-cyclometallated Ir[III] compounds.125

Figure 5.2. ORTEP representation of compound 5.6. Structure courtesy of D.
VanDerveer.
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Optical Characterization of Heteroleptic Triscyclometalated Ir[III] Complexes

The optical properties of compounds 5.3-5.10 were analyzed by solution and solid
state absorption and photoluminescence spectroscopy. (Table 5.2)

The absorbance

spectra for 5.3-5.10 can be seen in Figure 5.2. All compounds exhibited strong peaks
below 300 nm corresponding to π-π* absorptions of the heterocyclic ligands. Smaller
peaks from 300-500 nm correspond to metal to ligand charge transfer from both the
singlet and triplet states. The absorption spectra match well with similar compounds
from the literature.106

Figure 5.3. Absorbance spectra for compounds 5.3-5.10. The shifts below 300 nm
are from π-π* absorptions of the heterocyclic ligands, and the smaller shifts from
300-500 nm are due to metal to ligand excited states.
The photoluminescence spectra for the compounds with 2-phenylpyridinato
ancillary ligands 5.3-5.6 can be seen in Figure 5.3. The compounds are highly emissive
in both the solution and solid state. Notably, the 510 nm emission from the tris-2-

79

phenylpyridinato derivative 5.4 matches indentically the emission from the facial isomer
supporting the 1H NMR spectral data.

Compounds 5.5 and 5.6, however, show

significant blue shifts from solid state to solution of 54 and 91 nm, respectively. In
solution, the emission for these compounds appears to occur predominantly through the
2-phenylpyridyl metal to ligand pathway with the 512 nm emission dominating the
spectrum. In the solid state these compounds emit almost entirely from the bis functional
ligand.

The solid state emission of compounds 5.3-5.6 is the same as the

acetylacetonoate derivatives prepared by Forest et. al.,120 confirming that emission is
from the bis-ligand to metal excited states. Purified samples of 5.3-5.6 can be seen in
Figure 5.5 under 365 nm UV light.

Figure 5.4. Steady state photoluminescence of 2-phenylpyridinato Ir[III] derivatives
in THF (left) and as a thin film on quartz (right). Compounds 5.5 and 5.6 show
significant blue shifts from solid state to solution.
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a

b

c

d

Figure 5.5. Photograph of 2-phenylpyridinato Ir[III] derivatives under 365 nm
handheld UV light. a. 5.6, b. 5.5, c. 5.4, d. 5.3.
The emission of the 2,5′-dibromophenylpyridinato Ir[III] derivatives 5.7-5.10 is
shown in Figure 5.6. These compounds show very different photophysical behavior
from the 2-phenylpyridinato derivatives. The solution emission shows emission from the
bis functional ligand similar to 5.3-5.6 in the solid state. Alternatively, compounds 5.75.10 show only broad, red shifted weak emission in the solid state.
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Table 5.2. Photophysical properties of heteroleptic tris-cyclometalated Ir[III]
complexes.

Complex

λmax/nm a (THF) Ems/nm b (THF) Ems/nm c (film)

5.3
5.4
5.5
5.6
5.7

243, 282, 379
241, 279, 360
242, 283, 325, 381
242, 287, 375
261, 277, 341

446, 503
512
439, 478, 512, 547
436, 475, 511, 592
408, 435

507
514
566
511, 602, 653
416, 434, 534

5.8
5.9
5.10

254, 382
314, 374, 425
288, 322, 436

512
544, 571
593, 637

511, 540, 597
553, 596, 665
633

a

Solution absorption in THF; bold number represents stronger band.
Solution emission in THF at λmax, bold number represents stronger band.
Thin film emission on quartz glass at λmax.

b
c

Figure 5.6. Photoluminescence of 2,5′-dibromophenylpyridinato Ir[III] derivatives in
THF (left) and as a thin film on quartz (right). The emission in solution corresponds
to the bis ligand, and the solid state emission is broad, redshifted and weak.

82

The phololuminescence behavior of these materials is governed by the triplet
energies of the metal to ligand charge transfer excited states. Since these materials are
heteroleptic complexes there are competitive phosphorescent pathways.

2-

Phenylpyridine has a strong metal to ligand charge transfer triplet emission, and thus
dominates the solution emission for compounds 5.3-5.6. In the solid state without solvent
interactions, there is greater mixing of the triplet excited states, and emission from the
lowest energy state is the dominant pathway. This can explain the solid state emission
for compounds 5.3-5.6, since 2,5′-dibromophenylpyridine 5.2 likely has the lowest triplet
energy of any ligand in this study.

Thus, in the solid state, energetically favored

intersystem crossing to the triplet state of 5.2 results in non-radiative decay and no
emission. The triplet energy of the 2,5′-dibromophenylpyridinato complexes can be
altered by further functionalization or polymerization.
A more complete look at the photophysical behavior of compound 5.6 can be
found in Figure 5.7. Overlaying the absorption and emission spectrum shows that the
metal to ligand charge transfer excited states are indeed responsible for emission. The
excitation spectra for compound 5.6 does not change with physical state or with which
emission is monitored. The emission shows no dependence upon excitation wavelength
even when the material is excited at the π-π* wavelength of the ligands. All of the
compounds exhibited similar excitation character.
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Figure 5.7. Overlay of the absorbance, excitation, and emission spectra for
compound 5.6. The emission of these materials is due to metal to ligand charge
transfer, and emission wavelength is determined by the state of the material, not the
excitation wavelength.
To further examine the emission pathways, the materials were studied in solution
(2-methyl-THF) at room temperature and at 77 K by phosphorescence emission
spectroscopy. (Figure 5.8) The emission of the material was measured after a time delay
to negate the contribution to emission via fluorescence pathways. At a delay of 60 μs,
phosphorescent emission is observed from both the 2-phenylpyridinato (510 nm) and the
2-(2′-benzothienyl)pyridinato (602 nm) ligands. The intensity of the red phosphorescent
emission is much greater at both temperatures suggesting that the red emission has the
longer phosphorescence lifetime. This longer lifetime for the red emission also explains
the 510 nm dominant emission for 5.3-5.7 in solution. Cooling the materials to 77 K
improves the resolution of the spectrum enough to distinguish bimodal emission for both

84

the 2-phenylpyridinato and the 2-(2′-benzothienyl)pyridinato ligands.

The lower

temperature does not affect the emission of the complex in solution, as the complex again
shows a strong 510 nm emission.

Figure 5.8. Phosphorescent emission studies for compound 5.6 at room temperature
and 77 K in solution (Me-THF). The emission of the material does not change at low
temperatures, and the red emission has a longer phosphorescence lifetime.

Conclusions

We have developed a rapid, high yield, microwave assisted synthesis of triscyclometalated Ir[III] complexes. The synthesis appears to form only facial isomers, and
to our knowledge, is the highest yield synthesis of fac-tris(2-phenylpyridinato)Ir[III] yet
reported. The method is applicable to a wide array of cyclometalating ligands including
materials with polymerizable functionality.

Excess ancillary ligand can easily be

recovered and reused, eliminating the potential disadvantage of having to use large

85

amounts of ligand. The materials are highly emissive and possess some very interesting
photophysical properties due to their heteroleptic nature. Work is underway to use the
dibromo functionalized complexes as monomers for Suzuki and Yamamoto
polymerizations to construct high performance light emitting diode materials.
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CHAPTER 6
SYNTHESIS AND CHARACTERIZATION OF TRIFLUOROVINYLETHER
ENDCAPPED OLIGO(FLUORENE) DERIVATIVES

Introduction

Poly(fluorene) derivatives are the leading class of polymers for light emitting
diode emissive layer materials.

Poly(fluorenes) are synthesized via Pd(0) catalyzed

Suzuki or Ni catalyzed Yamamoto polymerizations. If Suzuki polymerization is used,
alternating backbone functionality can be introduced by using different types of
arylbromide or arylboronic acid monomers. Devices built from poly(fluorene) are the
most efficient blue emitting organic devices yet reported.57,127 Poly(fluorenes) are also
excellent host materials for low energy fluorescent and phosphorescent emitters which
allows for the formation of polyfluorene based materials with many emission colors and
advantageous charge mobility characteristics.128,129 However, poly(fluorene) emissisve
layers do have some disadvantages. In 9,9-dialkyl poly(fluorenes), the 9,9-positions near
the chain ends can undergo photooxidation to fluorenone, thus red shifting and
weakening emission.130 In addition to fluorenone defects, it can be difficult to remove
residual Pd catalyst from high molecular weight poly(fluorene), and labile metal
impurities are detrimental to device performance.109
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Much work has been done to understand the mechanism of photodegradation in
poly(fluorene) light emitting diodes. Low molecular weight polymers and samples with
broad polydispersities tend to be more susceptible to photooxidation.127 This has been
attributed to an increase in the number of chain ends and an increase in aggregation due
to chain mobility.131,132 Endcapping the fluorene chains with non-fluorene endgroups has
been shown to decrease excimer formation from fluorenone defects.127 Endgroups with
hole transporting triaryl amine functionality not only prevent excimer formation, but also
decreased the hole injection barrier of the polyfluorene chains.133

Endcapping

oligofluorenes with polymerizable styrl groups prevents photodegradation by stabilizing
fluorene chain ends and decreasing aggregate formation.134,135
Perfluorocyclobutyl aryl ether polymers have proven to be excellent hosts for
luminescent materials.6

Their superior combination of high thermal, chemical, and

photostability along with excellent optical clarity, superb processability, and their lack of
effect on chromophore emission make them an ideal linkage for oligo(fluorene)
derivatives.

Here

we

report

the

synthesis

and

characterization

of

novel

trifluorovinylether (TFVE) encapped oligo(fluorene) derivatives via a two step Suzuki
coupling reaction.

The oligomers can be thermally cyclopolymerized to form high

molecular weight, thermally stable, soluble polymers. By incorporating a variety of
aryldibromides, PFCB linked oligo(fluorenes) can be prepared with a variety of emissive
colors and charge mobility characteristics.
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Synthesis of TFVE Endcapped Oligomers

9,9-Dihexyl-2,7-bis(4-trifluorovinyloxyphenyl)fluorene can be easily prepared by
Suzuki coupling between 4-bromotrifluorovinyloxybenzene Br-TFVE and 9,9dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester.6 The high yields for this
reaction suggested that Br-TFVE would be a favorable endcapping reagent for the
poly(fluorene) derivatives. Polymer molecular weight was controlled with stoichiometry
in the first step of the reaction.

9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-

propanediol) ester was reacted in a 2:1 molar ratio with 9,9-dioctyl-2,7-dibromofluorene,
4,7-dibromo-2,1,3-benzothidiazole,

3,6-dibromo-9-octylcarbazole,

or

dibromophenylpyridine Ir[III] phosphor 5.9 under standard Suzuki polymerization
conditions. (Scheme 6.1) The reaction was run for 6-12 hours allowing the reaction
enough time to reach equilibrium so that the endgroups of the oligomers were
predominantly boronic acid pinacol esters. The second step of the reaction involved
adding 2.1 equivalents of Br-TFVE and more Pd(PPh3)4 in order to endcap the oligomers
with TFVEs. The products were purified by water extraction, filtration over alumina to
remove the catalyst, and precipitation into MeOH.

Precipitation proved to be an

excellent purification technique as both the aryl-bromide and aryl boronic acid
compounds were soluble in methanol.
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Scheme 6.1. The synthesis of TFVE endcapped oligo(fluorenes) via a two step
Suzuki coupling. Molecular weight is determined by the stoichiometry in the first
step, and the TFVE endgroups are added in the second step. The use of different aryl
bromides provides access to oligo(fluorenes) with different emissive colors and
charge carrier properties.
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Determination of Oligomer Endgroups

In order to produce high molecular weight polymer from these materials, it is
crucial that each chain is endcapped with TFVEs. 1H and 19F NMR spectroscopy show
the characteristic peaks and the 19F spectra shows the AMX pattern of doublet of doublets
expected for pure TFVEs. Oligomer molecular weight was analyzed by gel permeation
chromatography and MALDI-TOF mass spectrometry.

The GPC trace shows the

distribution of chain sizes ranging from small amounts of TFVE-diphenylfluorene 4.1 up
to 6300 Mn oligomer. (Figure 6.1) The mass values given by the GPC are surprisingly
close to the calculated values (Figure 6.2), but they are not close enough to make a
determination about the level of endcapping.
MALDI proved to be a much better method to determine the degree of
endcapping. The MALDI spectrum for compounds 6.1 and 6.2 is shown in Figure 6.3.
The absorption of the N2 laser overlaps well enough with the compounds such that they
self ionize and do not require a matrix compound. The MALDI spectrum matches nearly
identically with the calculated molecular weight values.

The peak heights are not

representative of the amount of each oligomer, but are due to the ease of ionization of the
lower molecular weight oligomers. The GPC trace is a better indication of chain size
distribution and only small amounts of the diphenylfluorene product are present. Peaks
were detected for oligomers up to n = 7 for 6.1 and n = 3 for 6.2. Most importantly, no
peaks are observed for chains without TFVEs.
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Figure 6.1. Gel permeation chromatogram of oligomers 6.1 and 6.2. Peaks for each
generation of oligomer are distinguishable for both compounds.
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Figure 6.2. Structrures of oligomers 6.1 and 6.2, and the calculated molecular
weights for the the lower molecular weight oligomers for comparison to GPC and
MALDI data from Figures 6.1 and 6.3.
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Figure 6.3. MALDI-TOF mass spectrum for compounds 6.1 (left) and 6.2 (right).
Peaks for n = 1-7 can be seen for 6.1, and n = 1-3 for 6.2. The masses agree with the
calculated values. The spectrum was taken at 70% laser power to see the higher
molecular weight species.

Polymer Synthesis and Characterization

Thermal cyclopolymerization of monomers 6.1-6.3 yields high molecular weight
polymers. A polymer was not prepared from monomer 6.4 because it did not have the
desired emissive properties which will be discussed later. Polymers were synthesized by
heating the oligomer neat at 170 ºC for 24 hours in a vacuum sealed ampoule. (Scheme
6.2) Polymers from compounds 6.1-6.3 were readily soluble in common organic solvents
such as CHCl3 and THF. The polymers were purifed by filtration over alumina followed
by two precipitations from THF into MeOH. Polymer purity was confirmed by 1H and
19

F NMR spectroscopy. Polymer molecular weights ranged from 41,500 for 6.1 to
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23,000 for 6.3. Polydispersities for the materials were approximately 3, which is quite
good for a step growth polymerization using a high molecular weight monomer. (Table
6.1 and 6.2) The relatively high molecular weights and narrow polydispersities are an
excellent indication that the oligo(fluorenes) are fully endcapped with TFVEs.

In

addition to homopolymers, mixed chromophore copolymers of 6.1 and 6.2 were prepared
in a 0.5%, 1.0%, and 3.0% by weight ratio of 6.2:6.1 in order to tune the emission of the
polymers.
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Scheme 6.2. Polymerization of monomers 6.1-6.3 occurs at 170 ºC in a vacuum
sealed ampoule.
Thermal properties were measured by DSC and TGA. All polymers showed glass
transition temperatures of around 140 ºC, typical for both PFCB and poly(fluorene)
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materials. Decomposition temperatures were around 490 ºC, quite high for an organic
material, but characteristic of PFCB and poly(fluorene) materials. (Table 6.1 and 6.2)

Table 6.1. Properties of TFVE Endcapped Homopolymers
Polymer

Tg/°C a

Td/ºC b

Mn x 10-3 c

Mw/Mn

λmax/nm d

Ems/nm e

Φf

6.5

145

492

41.5

2.94

373

413,436

0.63

6.6

152

496

37.8

3.02

336, 442

536

0.85

6.7

137

486

23.0

3.43

337

399

0.41

a

DSC (10 °C min-1) in nitrogen, second heating. b TGA onset at 5 °C min-1 in N2. c GPC in
CHCl3 using polystyrene standards. d Solution absorption in THF. e Solution emission in
THF at λmax. f Quantum yield measured using quinine sulfate as a standard.

Table 6.2. Properties of TFVE Encapped Copolymers
Polymer

Weight %
6.2 to 6.1

Tg/°C a

Td/ºC b

Mn x 10-3 c

Mw/Mn

λmax/nm d

Ems/nm
(THF)e

Φf

Ems/nm
(film)g

6.8

0.5%

138

493

30.7

3.01

375

415, 438

0.56

419, 442

6.9

1.0%

137

497

32.8

3.21

372

414, 435

0.44

416, 436,
523

6.10

3.0%

142

491

31.2

3.15

313, 373

415, 438,
517

0.59

416, 439,
524

a

DSC (10 °C min-1) in nitrogen, second heating. b TGA onset at 5 °C min-1 in N2. c GPC in CHCl3 using
polystyrene standards. d Solution absorption in THF. e Solution emission in THF at λmax. f Solution quantum
yield measured using quinine sulfate as a standard. g Thin film spun onto quartz. Bold numbers indicate
strongest peaks.
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a

b

c

d

Figure 6.4. Images of polymers 6.5 and 6.6. a. 6.5 under ambient light, b. 6.5
under 365 nm UV light, c. 6.6 under ambient light, d. 6.6 under 365 nm UV light.

Optical Characterization

The optical properties of the TFVE endcapped oligo(fluorenes) 6.1 and 6.2 were
measured by solution absorbance and photoluminescence spectroscopy. (Figure 6.4 and
6.5) Compound 6.1 showed the characteristic absorbance and emission for
dialkylfluorene polymers of 374 and 413 nm, respectively.57 Small peaks at 363 and 383
nm can be attributed to emission from phenylfluorene polymer endgroups and the small
amounts of monomer 4.1 present from the oligomerization. Bimodal emission from 4.1
can also be found in TFVE 6.2, but the strong 537 nm benzothiadiazole-fluorene
emission is predominant. The absorption spectrum for 6.2 also shows benzene-fluorene
and fluorene-benzothiadiazole peaks. The presence of multiple emissions is not seen in
the solid state.

Only the fluorene-fluorene 413 nm emission for 6.1 and fluorene

benzothiadiazole 537 nm emission for 6.2 are observed.
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Figure 6.5. Solution absorbance and photoluminescence for 6.1 (left, 331 nm
excitation) and 6.2 (right, 373 nm excitation). Emission from the endgroups and
small amount of 4.1 can be seen at 363 and 383 nm.
The optical properties of the polymers were characterized by absorbance and
photoluminescence in solution and the solid state.

The solution absorbance and

photoluminesnce for homopolymers 6.5-6.7 is shown in Figure 6.6. The absorbance
spectra for 6.5 and 6.6 are identical to monomers 6.1 and 6.2. The emission spectra,
however, no longer show the emission from phenylfluorene endgroups and compound
4.1. Polymer 6.7 shows a similar blue emission to 6.5 with only a 14 nm blue shift. As
expected, in solution copolymers 6.8-6.10 show only the 413 nm blue emission from host
monomer 6.1. Solution quantum yields were measured by comparison to quinine sulfate
using the optically dilute method. Polymers 6.5 and 6.6 have quantum yields of 63% and
85%, respectively. This is a 20% increase over the non oligomer counter parts 4.1 and
4.2. Polymers 6.7-6.10 also have good quantum yields of 41-59%.
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Figure 6.6. Solution absorbance and photoluminescence of homopolymers 6.5-6.7.
The emission from phenylfluorene endgroups and compound 4.1 is not present.
The materials are highly luminescent in the solid state as well. The emission from
homopolymers 6.5-6.7 shows no change from solution to solid state. (Figure 6.7) The
emission of copolymers 6.8-6.10, however, is quite different as a thin film. In the solid
state,

efficient

energy

transfer

from

oligo(fluorene)

to

oligo(fluorene-co-

benzothiadiazole) segments dictates copolymer emission. This is because the 413 nm
blue emission from the oligo(fluorene) overlaps with the 442 nm absorbance of the
oligo(fluorene-co-benzothiadiazole). At 0.5 weight percent 6.2, the concentration of the
oligo(fluorene-co-benzothiadiazole) is insufficient for the yellow emission to be detected.
However, raising the concentration of 6.2 to 1.0 weight percent is enough for the yellow
emission to dominate the spectra. By 3.0 weight percent 6.2, the emission is identical to
homopolymer 6.6.

This result is very similar to using Suzuki polymerization to

copolymerize small percentages of benzothiadiazole into high molecular weight
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poly(fluorene).57 The PFCB linkage does not affect the energy transfer, once again,
demonstrating that it is an optically inert chromophore linkage.

Figure 6.7. Thin film photoluminescence of copolymers 6.8-6.10. Efficient energy
transfer from oligo(fluorene)fluorene to oligo(fluorene-co-benzothiadiazole) dictates
the emission of the polymer.
While

the

optical

properties

for

the

oligomers

containing

fluorene,

benzothiadiazole, and carbazole were similar to our expectations, the oligomer containing
the Ir[III] phosphor was disappointing. The compound showed no emission in solution,
solid state, or as a blend with 6.1. Suzuki oligomerization worked well with the dibromo
Ir[III] complex, and formed high molecular weight copolymer with monomer 6.1.
However, we speculate that the fluorene-phenylpyridine backbone has too low of a triplet
energy compared to the phenylbenzothiazole ligands around the iridium. Energy transfer
to the oligomer backbone results in non-radiative decay. Photoluminescence studies on
compound 6.4 show blue fluorescence from the backbone in solution. However, in the
solid state, the emission of the material is quenched almost entirely as there are too many
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competitive non-radiative relaxation pathways. (Figure 6.8)

Similar photophysical

behavior has been reported in the literature.136,137 It has been reported that conjugation
length plays a large role in determining triplet energies, and inserting thiophene units into
the fluorene-Ir[III] backbone to break up fluorene conjugation greatly increases
phosphorescent emission. Carbazole has also been reported to have a higher triplet
energy, and in retrospect would have made a much better host for Ir[III] phosphors than
fluorene.

Figure 6.8. Jablonski diagram shows the competitive pathways for the decay of
excited electrons. The fluorene backbone has a lower triplet energy than the other
iridium ligands. The low triplet energy provides a non-radiative relaxation pathway,
and quenches the emission of 6.4.
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Conclusions

TFVE endcapped oligo(fluorene) derivatives have been prepared with a two step
Suzuki oligomerization reaction. 1H and 19F NMR spectroscopy, GPC, and MALDI-TOF
mass spectroscopy show that the oligomer endgroups are all TFVEs. This is further
confirmed by thermal cyclopolymerization of monomers 6.1-6.4 to form high molecular
weight, soluble, thermally stable materials. The polymers are highly emissive in both the
solution and solid state with quantum yields of up to 85%.

Copolymerization of

monomers 6.1 and 6.2 gives high molecular weight block copolymers with tunable
emission via efficient energy transfer between the polymer segments. Red emission was
not observed from monomer 6.4 because of the low triplet energy of the polymer
backbone. Future work will involve the synthesis of a carbazole derivative of 6.4 to
hopefully produce a red emissive TFVE endcapped oligomer.

101

CHAPTER 7
MODULAR APPROACH TO TAILORED EMISSION

Introduction

Copolymerization of TFVE chromophores provides an excellent opportunity to
design amorphous, thermally stable, processable polymers with a variety of emissive
colors. Chapters 4 and 6 discussed how copolymers of small molecules 4.1-4.3 and
oligomers 6.1 and 6.2 allow for the emission to be tuned by varying the ratio of
monomers.

Figure 7.1 shows the structures of the chromophores that have been

synthesized in the previous chapters and Figure 7.2 shows their photoluminescence.
Materials that span the entire visible spectrum have been prepared, and copolymerization
or blending these materials allows for the preparation of some unique emissive materials.
Here we discuss the preparation of purple and white emissive materials and the
construction of PFCB polymer light emitting diodes.
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Figure 7.1. Structures of chromophores prepared in previous chapters.
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Figure 7.2. Photoluminescence overylay for materials reported in previous chapters.
Materials spanning the entire visible spectrum have been prepared.

Purple and White Photoluminescent PFCB Polymers.

The high luminescence and good solubility of TFVE endcapped oligo(fluorene)
6.1 makes it the host monomer of choice for copolymer emission tuning. Poly(fluorenes)
have also been shown to be excellent hosts for low energy yellow, orange and red
dopants.68 By copolymerizing or blending monomers 6.1 with trace amounts of 5.6 and
6.2, white and purple emission can be produced. (Figure 7.3) If the blend has a higher
concentration of red 5.6 as a dopant, the emission appears purple. When the blend has an
optically equal amount of red 5.6 and yellow 6.2 the emission is very broad and appears
white to the human eye.
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Figure 7.3. TFVE oligo(fluorene) 6.1 as a host monomer for red 5.6 and yellow 6.2
can produce complex emission colors such as purple and white.

PFCB Polymer Light Emitting Diodes

The advantageous properties of PFCB linked chromophores for light emitting
diodes have been discussed in depth, but the electroluminescent properties of the
materials need to be tested. Simple light emitting diodes were constructed from these
materials. Devices were constructed on ITO coated glass with a 50 nm layer of

105

PEDOT-PSS, a 70 nm layer of 6.5 or 6.6, and a cathode consisting of 30 nm of Ca and
20 nm of Al. The device setup proved to be less than ideal, however, weak light
emission was still observed from both polymers. The blue devices from 6.5 were
marginally worse than the yellow 6.6 devices, producing 4.5 and 9.8 cd/m2,
respectively.

To put these numbers in perspective, a laptop computer screen is

approximately 100 cd/m2. These emission from the devices could be seen with the
naked eye, and for the yellow 6.6 devices the emission was bright enough to obtain a
electroluminescent spectrum. The electroluminescent spectrum and pictures of the
devices can be seen in Figure 7.4.

Figure 7.4. The electroluminescent spectrum for PLED diodes from polymer 6.6
(left). Photographs of PFCB PLEDs (right) the yellow deivces are from 6.6 and the
clear devices from 6.5. Each device contains two pixels.
All devices show good current flow; suggesting that if the device structure were
optimized the PFCB linkage would not be a detriment. The devices structure need to
be optimized in the following areas. (1) The thickness of the films needed to be
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thicker and more uniform. This could be changed by casting from solvents other than
chlorobenzene or by changing the solution concentration and spin coating speeds. (2)
The devices lacked an electron transport layer. This likely has a drastic effect on
device performance due to poor electron flow from the cathode to the emissive layer
and due to increasing the possibility of device shorting because of cathode intrusion
into the emissive layer from the vapor deposition process. (3) The cathode and the
hole transport layer in these devices are not what is used for the highest performance
poly(fluorene) devices. PVK would be a better hole transport layer and Cs would be a
better cathode. (4) The fabrication of efficient devices takes skill and experience not
readily available at Clemson University. Even with the shortcomings of these devices,
the fact that emission was still observed is quite promising, and they represent the first
examples of PFCB polymers being used as the emission layer of a PLED.

Conclusions

TFVE and PFCB chromophores spanning the visible spectrum have been
prepared. Copolymerization and blending of these materials can be used to tune the
emission to any color desired including complex colors such as purple and white.
Proof-of-concept PLED devices were prepared from PFCB polymers 6.5 and 6.6, and
electroluminescence was observed. Future work should involve the optimization of
device construction and TFVE functionalization of Ir[III] compounds.
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CHAPTER 8
EXPERIMENTAL DETAILS

Materials

All reagents were purchased and used without further purification unless
otherwise noted. THF and Et2O solvents were purified on a Pure Solv 400-2-D solvent
purification system.

4-Bromo(trifluorovinyloxy)benzene Br-TFVE,

4-(trifluoro-

vinyloxy)benzoic acid, ethyl 4-(trifluorvinyloxy)benzoate, 1,1,1-triphenyltrifluorovinyloxyethane 1.1, 4-bistrifluorovinyloxybihpenyl 1.2, and hexafluoroisopropylidinebistrifluorovinyloxybenzene 1.3 starting materials were generously donated by Tetramer
Technologies, LLC (Pendelton, SC), and are available commercially through Oakwood
Products,

Inc.

(oakwoodchemical.com,

Columbia,

SC).

Tetrakis(triphenyl-

phosphine)palladium(0) was purchased from Strem and stored and handled in a dry box
prior to use.

Instrumentation

Proton,

13

C,

31

P, and

19

F NMR spectra were recorded on a JEOL Eclipse 300 or

500 spectrometer in CDCl3, DMSO-D6, or acetone-D6 with TMS standard. Absorption
ad photoluminescence spectroscopy was performed on a Perkin Elmer Lamba 900
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spectrophotometer and a Horiba Jobin Yvon Fluorolog 3-222Tau photoluminescence
spectrometer, respectively.

Gel permeation chromatography (GPC) in CHCl3 was

obtained using a Waters 2690 by comparison to polystyrene standards. Thermal
gravimetric analysis (TGA) data was obtained from a Mettler-Toledo 851 TGA/SDTA
System at a heating rate of 10 °C min-1 in a nitrogen atmosphere. Differential scanning
calorimetry (DSC) was performed on a TA instruments Q1000 system with an auto
sampler and liquid nitrogen cooling system. Thermal analysis was carried out using TA
Instruments Universal Analysis software. Combustion analysis was performed on a
Perkin Elmer Series II 2400 CHN analyzer and an average of three runs for each sample
is reported. MALDI-TOF-MS spectra were taken using a Bruker Ominflex instrument,
without matrix, at 70% laser power, and a total of 100 accumulations. Microwave
reactions were performed in a microwave setup previously described in the literature.138

Synthesis of TFVE Ligands for Incorporation of Inorganic Materials into PFCB

Synthesis of 4-(diethylphosphate)trifluorovinyloxybenzene 2.1. To a flame dried twoneck 50 mL round bottom flask equipped with N2 inlet, rubber septum, and magnetic stir
bar was added dry Et2O (25 mL) and Br-TFVE (2.0 g, 7.90 mmol). The reaction mixture
was cooled to -90 ºC with a liquid N2/acetone slurry. Next, t-BuLi in pentane (1.7 M, 5.6
mL, 9.5 mmol) was added dropwise via syringe, and the reaction was stirred at -90 ºC for
2 hours. Chlorodiethylphosphate (1.37 g, 7.90 mmol) was added dropwise via syringe
and the reaction was warmed to room temperature and stirred overnight. The crude
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reaction mixture was poured into 25 mL of CH2Cl2 and extracted with 3 x 15 mL of H2O.
Silica gel chromatography provided 1.6 g (67% yield) of 2.1 as a clear oil. 1H NMR (500
MHz, CDCl3, δ): 7.84 (dd, J = 9.2, 12.8 Hz, 2H), 7.18 (dd, J = 2.3, 8.3 Hz, 4H), 1.31 (t, J
=6.9 Hz, 6H).

19

F NMR (470 MHz, CDCl3, δ): –134.8 (dd, J = 57.8, 111.0 Hz, 1F), –

125.4 (dd, J = 94.8, 111.0 Hz, 1F), –118.6 (dd, J = 57.8, 94.8 Hz, 1F).

31

P NMR (121

MHz, CDCl3, δ): 18.13 (s, 1P).

Synthesis of 4-(phosphonic acid)trifluorovinyloxybenzene 2.2. To a single-neck 50
mL round bottom flask equipped with a N2 inlet and magnetic stirbar was added 4(diethylphosphate)trifluorovinyloxybenzene 2.1 (1.5 g, 4.8 mmol) and 15 mL of dry
CH2Cl2. To this was added BrSi(Me)3 (3.7 g, 24 mmol) dropwise via syringe, and the
reaction was stirred at room temperature for 6 hours. The solvent was then removed by
rotary evaporation, 30 mL of MeOH was added, and the mixture was stirred overnight.
The methanol was removed and the product recrystallized from CHCl3 to yield 1.13 g
(93% yield) of 2.2 as white plate crystals. 1H NMR (300 MHz, Acetone-D6, δ): 8.60 (s,
2H), 7.82 (dd, J = 8.6, 12.7 Hz, 2H), 7.33 (d, J = 6.5 Hz, 4H).

19

F NMR (283 MHz,

Acetone-D6, δ): –136.4 (dd, J = 55.9, 108.5 Hz, 1F), –127.8 (dd, J = 98.7, 108.4 Hz, 1F),
–120.5 (dd, J = 55.9, 95.3 Hz, 1F).

31

P NMR (121 MHz, Acetone-D6, δ): 17.59 (s, 1P).

Synthesis of PFCB KYF10 Composites. 4-(diethylphosphate)trifluorovinyloxybenzene
2.1 (0.2 g, 0.65 mmol) and 100~400 μm lanthanide doped KY3F10 crystals (0.5 g) were
added to a 5 mL glass via and mixed thoroughly. To this was added 6F monomer 1.3
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(0.8 g, 1.61 mmol) and trisphenyl monomer 1.1 (0.2 g, 0.37 mmol). The mixture was
stirred thoroughly, then polymerized in a vacuum oven at 180 ºC overnight. The glasses
were removed from the vacuum oven and allowed to cool. Once cool, the vial was
broken to remove the PFCB composite.

Synthesis of 4-(trifluorovinyloxy)benzeneboronic acid pinacol ester 2.3. To a flame
dried two-neck 50 mL round bottom flask equipped with N2 inlet, rubber septum, and
magnetic stirbar was added dry Et2O (25 mL) and Br-TFVE (2.0 g, 7.90 mmol). The
reaction was cooled to -90 ºC with a liquid N2/acetone slurry. t-BuLi in pentane (1.7 M,
5.6 mL, 9.5 mmol) was added dropwise via syringe, and the reaction was stirred at -90 ºC
for 2 hours. 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.48 g, 7.90 mmol)
was added dropwise via syringe and the reaction was warmed to room temperature and
stirred overnight. The crude reaction mixture was poured into 25 mL of CH2Cl2 and
extracted with 3 x 15 mL of H2O. Silica gel chromatography provided 1.93 g of 2.3 as a
clear liquid (81% yield). 1H NMR (300 MHz, CDCl3, δ): 7.83 (d, J = 8.6 Hz, 2H), 7.08
(d, J = 7.9 Hz, 2H), 1.34 (s, 6H).

19

F NMR (282 MHz, CDCl3, δ): –134.2 (dd, J = 59.1,

108.5 Hz, 1F), –126.6 (dd, J = 95.3, 108.5 Hz, 1F), –119.7 (dd, J = 59.1, 95.3 Hz, 1F).

Synthesis of 4-(2′-pyridyl)trifluorovinyloxybenzene 2.4. To a 2-neck 50 mL roundbottom flask equipped with a N2 inlet, magnetic stirbar, and reflux condenser was added
1.0 g (3.3 mmol) of 4-(trifluorovinyloxy)benzeneboronic acid pinacol ester 2.3, 0.52 g
(3.3 mmol) of 2-bromopyridine, 8 mL of 2M Na2CO3, and 15 mL of anhydrous THF.
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The reaction mixture was sparged with N2 for 10 min and 400 mg (0.33 mmol) of
Pd(PPh3)4 was added. The reaction was refluxed at 70 ºC for 24 hr. The reaction mixture
was poured into 30 mL of CH2Cl2 and extracted with 3 x 15 mL of H2O. The organic
layer was dried with MgSO4 and the solvent was removed under vacuum. The product
was purified by silica gel chromatography with 7% CH2Cl2/hexanes and only the first
two-thirds of the elution was pure 2.4. of Compounds 2.4 (0.45 g, 54% yield) was
isolated as clear oil. 1H NMR (300 MHz, CDCl3, δ): 8.65 (d, J = 4.9 Hz, 1H), 7.99 (d, J
= 8.6 Hz, 2 H), 7.63-7.72 (m, 1H), 7.17-7.21 (m, 3H).

19

F NMR (282 MHz, CDCl3, δ):

–134.2 (dd, J = 59.2, 111.8 Hz, 1F), –126.7 (dd, J = 95.4, 108.5 Hz, 1F), –119.8 (dd, J =
59.2, 98.6 Hz, 1F). GC−EIMS (70 eV) m/z (% relative intensity) 251 (M+, 80), 223 (20),
154 (100), 127 (75), 77 (40), 51 (35).

Synthesis of 4-(2-pyridyl)trifluorovinyloxybenzene Ir chlorobridged dimer 2.5. 4-(2pyridyl)trifluorovinyloxybenzene 2.4 (1.0 g, 3.98 mmol), IrCl3·H2O (0.265 g, 0.89
mmol), 20 mL of 2-EtO-EtOH, and 5 mL of H2O were added to a one-neck 50 mL round
bottom flask equipped with a reflux condenser, N2 inlet, and a magnetic stirbar. The
reaction mixture was refluxed at 110 ºC for 24 hr. After heating a yellow precipate was
removed by vacuum filtration. The yellow solid was washed repeatedly with a 1:1
mixture of acetone and ethanol to yield 1.18 g (91 % yield) of 2.5. 1H NMR (300 MHz,
Acetone-D6, δ): 8.91 (d, J = 4.8 Hz, 1H), 8.74 (d, J = 5.1 Hz, 1H), 8.48 (t, J = 7.6 Hz,
1H), 8.28 (d, J = 8.2 Hz, 1H), 8.19 (d, J = 9.0 Hz, 1H), 7.98-8.05 (m, 5H), 7.83-7.92 (m,
3H), 7.46-7.77 (m, 6H), 7.37 (d, J = 8.6 Hz, 2H), 7.04 (d, J = 9.0 Hz, 1H).
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19

F NMR

(282 MHz, Acetone-D6, δ): –136.0 (dd, J = 55.9, 108.5 Hz, 1F), –128.1 (dd, J = 98.7,
108.5 Hz, 1F), –120.7 (dd, J = 59.2, 98.7 Hz, 1F).

Synthesis of 4-(2-pyridyl)trifluorovinyloxybenzene Ir Picolinate Derivatives. 4-(2pyridyl)trifluorovinyloxybenzene Ir chlorobridged dimer 2.5 (250 mg, 0.17 mmol), 2.6
equivalents of picolinate ancillary ligand, Na2CO3 (200 mg), and 10 ml of 2-EtO-EtOH
were added to a 50 mL one neck round bottom flask equipped with a reflux condenser,
N2 inlet, and magnetic stirbar. The reaction was heated to 120 ºC with a sand bath and
allowed to stir overnight. The next day the reaction mixture was poured into 20 mL
CH2Cl2 and extracted with 3 x 15 mL of H2O to removed the 2-EtO-EtOH. The reaction
produced a signifigant amount of insoluble black precipitate, which was removed from
the organic layer by vacuum filtration. The solvent was evaporated under vacuum and
only a few milligrams of material was recovered. There was not enough sample for
proper NMR characterization, however, photoluminescence spectroscopy on the CH2Cl2
solution did reveal trace amounts of desired TFVE-Ir complex.

Synthesis of PFCB Phenylene Vinylenes

Synthesis of 4-(trifluorovinyloxy)benzaldehyde 3.1. To a flame dried two-neck 50 mL
round bottom flask equipped with N2 inlet, rubber septum, and magnetic stirbar was
added dry Et2O (25 mL) of and Br-TFVE (2.0 g, 7.90 mmol). The reaction was cooled
to -90 ºC with a liquid N2/acetone slurry. Next, 1.7 M t-BuLi in pentane (5.6 mL, 9.5
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mmol) was added dropwise via syringe, and the reaction was stirred at -90 ºC for 2 hours.
N-Formylmorpholine (0.90 g, 7.90 mmol) was added dropwise via syringe, the reaction
was warmed to room temperature, and stirred overnight. The crude reaction mixture was
poured onto 25 mL of CH2Cl2 and extracted with 3 x 15 mL of H2O.
chromatography provided 1.93 g (81% yield) 3.1 as a clear oil.

1

Silica gel

H NMR (300 MHz,

CDCl3, δ): 9.96 (s, 1H), 7.91 (d, J = 9.0 Hz, 2H), 7.23 (d, J = 10.9 Hz, 2H).

19

F NMR

(282 MHz, CDCl3, δ): –135.1 (dd, J = 59.2, 108.5 Hz, 1F), –125.3 (dd, J = 94.8, 108.5
Hz, 1F), –118.52 (dd, J = 59.2, 94.8 Hz, 1F).

Synthesis of 1,2-Bis(4-bromophenoxy)hexafluorocyclobutane 3.2. To a one neck 25
mL round bottom flask equipped with a N2 inlet and magnetic stirbar was added BrTFVE (3.0 g, 11.8 mmol). The flask was heated to 160 ºC with a sand bath, and the
reaction was allowed to stir for 24 hours.

Silica gel chromatography with 1%

EtOAc/hexanes gave 2.85 g (95% yield) of 3.2 as white crystals.

1

H NMR (300 MHz,

CDCl3, δ): 7.44 (d, J = 8.9 Hz, 2H), 7.04 (d, J = 8.6 Hz, 1H), 6.99 (d, J = 8.9 Hz, 1H).
19

F NMR (282 MHz, CDCl3, δ): -131.3, -131.2, -130.9, -130.2, -130.1, -129.4, -128.7, -

128.6, -127.9, -127.86, -126.6.

Synthesis of 1,2-Bis(4-formylphenoxy)hexafluorocyclobutane 3.3. To a flame dried
two-neck 50 ml round bottom flask equipped with N2 inlet, rubber septum, and magnetic
stirbar

was

added

dry

Et2O

(30

mL)

of

and

1,2-bis(4-

bromophenoxy)hexafluorocyclobutane 3.2 (2.0 g, 3.95 mmol). The reaction was cooled
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to -90 ºC with a liquid N2/acetone slurry. Next, 1.7 M t-BuLi in pentane (5.2 mL, 8.6
mmol) was added dropwise via syringe, and the reaction was stirred at -90 ºC for 2 hours.
N-Formylmorpholine (0.90 g, 7.90 mmol) was added dropwise via syringe, the reaction
was warmed to room temperature, stirred overnight. The crude reaction mixture was
poured onto 25 mL of CH2Cl2 and extracted with 3 x 15 mL of H2O.

Silica gel

chromatography with 4% EtOAc/hexanes provided 0.991 g (62% yield) 3.3 as white
crystals. 1H NMR (300 MHz, CDCl3, δ): 9.97 (s, 1H), 9.96 (s, 1H), 7.88-7.93 (m, 4H),
7.33 (d, J = 7.9 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H).

19

F NMR (282 MHz, CDCl3, δ): -

132.1, -131.6, -130.2, -129.7, -129.5, -128.9, -128.3, -127.59, -127.57, -127.5, -126.8.

Synthesis of 1-methoxy-4-(2-ethylhexyloxy)-2,5-xylenebis(triphenylphosphomiumbromide) 3.4. 2,5-Bis(bromomethyl)-1-methoxy-4-(2-ethylhexyloxy)benzene (2 g, 4.74
mmol), triphenylphosphine (2.73 g, 10.4 mmol), and 15 mL of DMF were added to a
one-neck 50 mL round bottom flask equipped with a reflux condenser, N2 inlet, and
magnetic stirbar. The reaction was refluxed at 150 ºC for 24 hr and then poured into
Et2O to precipitate the product. Vacuum filtration followed by drying overnight under
high vacuum gave 4.09 g (91% yield) of 3.4 as a white powder.

1

H NMR (300 MHz,

CDCl3, δ): 7.55-7.65 (m, 30H), 6.78 (s, 1H), 6.68 (s, 1H), 5.21 (d, J = 9.6 Hz, 4H), 0.651.19 (m, 15H).

31

P NMR (121 MHz, CDCl3, δ): 22.14 (s).

Synthesis of 1,4-Bis(2′-(4-trifluorovinyloxyphenyl)ethenyl)-2,5-dihexyloxybenzene
3.6. To a 2-neck 50 mL round-bottom flask equipped with a N2 inlet, magnetic stir bar,
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and

reflux

condenser

was

added

215

mg

(1.1

mmol)

of

4-

(trifluorovinyloxy)benzaldehyde 3.1, 500 mg (0.51 mmol) of compound 3.5, and 20 mL
of anhydrous THF. The reaction mixture was allowed to stir until all reagents were
dissolved, and 284 mg (2.5 mmol) of potassium t-butoxide in 7 mL of absolute ethanol
was added dropwise. The reaction was then heated to reflux (70 oC), and allowed to stir
for 24 hours. The mixture was cooled to room temperature and 50 mL of CH2Cl2 was
added. The solution was then extracted with 2 x 25 mL of concentrated NaCl solution
followed by 2 x 25 mL of water. The organic layer was dried over MgSO4 and the
solvent removed by rotary evaporation. The product was washed repeatedly with MeOH
to give 257 mg (75% yield) of 3.6 as a bright yellow powder.

1

H NMR (300 MHz,

CDCl3, δ): 7.50 (d, J = 8.6 Hz, 4H), 7.36-7.07 (m, 9.68H), 6.50-6.67 (m, 0.32H), 4.03 (t,
J = 6.2 Hz, 3.66H), 3.52 (t, J = 6.2 Hz, 0.34H), 1.84 (m, 4H), 1.25-1.37 (m, 12H), 0.875
(s, 6H).

19

F NMR (282 MHz, CDCl3, δ): –133.7 (dd, J = 59.2, 111.8 Hz, 1F), –126.8 (dd,

J = 95.3, 108.5 Hz, 1F), –119.8 (dd, J = 59.2, 95.3 Hz, 1F). Anal. Calcd for C41H40F6O2:
C, 67.64; H, 5.98; F, 16.89; O, 9.49. Found: C, 67.91; H, 5.79.

Synthesis

of

Poly(2′-(phenyl)ethenyl)-2,5-dihexyloxybenzenehexafluorocyclo-

butane) 3.7. To a 2-neck 50 mL round-bottom flask equipped with a N2 inlet, magnetic
stirbar, and reflux condenser was added 204 mg (0.51 mmol) of 1,2-bis(4formylphenoxy)hexafluorocyclobutane 3.3, 500 mg (0.51 mmol) of compound 3.5, and
10 mL of anhydrous THF. The reaction mixture was stirred and warmed with a heat gun
to dissolve all reagents, and 284 mg (2.5 mmol) of potassium t-butoxide in 7 mL of
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absolute ethanol was added dropwise. The reaction was then heated to reflux (70 oC),
and allowed to stir for 48 hours. The mixture was cooled to room temperature and
precipitated into methanol. The solid was isolated by vacuum filtration and precipitated
again from THF into MeOH. The precipitate was dried overnight under high vacuum to
give 3.7 (168 mg, 49% yield) as a fluffy yellow solid. 1H NMR (300 MHz, CDCl3, δ):
6.54-7.46 (m, 7H), 4.01-4.02 (br, 2.72H), 3.49-3.55 (br, 1.28H), 1.25-1.84 (m, 16H), ,
0.899 (s, 6H).

19

F NMR (282 MHz, CDCl3, δ): -126.70, -127.65, -127.87, -128.33, -

128.45, -128.65, -129.47, -130.07, -130.20, -130.74, -130.86, -130.97, -131.39. Anal.
Calcd for C41H40F6O2: C, 67.64; H, 5.98; F, 16.89; O, 9.49. Found: C, 68.43; H, 6.35.

Synthesis

of

Poly(2′-(phenyl)ethenyl)-1-methoxy-4-(2-ethylhexyloxy)-hexafluoro-

cyclobutane) 3.8. To a 2-neck 50 mL round-bottom flask equipped with a N2 inlet,
magnetic stirbar, and reflux condenser was added 300 mg (0.74 mmol) of 1,2-bis(4formylphenoxy)hexafluorocyclobutane 3.3, 703 mg (0.74 mmol) of compound 3.4, and
12 mL of anhydrous THF. The reaction mixture was stirred and warmed with a heat gun
to dissolve all reagents, and 415 mg (3.7 mmol) of potassium t-butoxide in 10 mL of
absolute ethanol was added dropwise. The reaction was then heated to reflux (70 oC),
and allowed to stir for 48 hours. The mixture was cooled to room temperature and
precipitated into methanol. The solid was isolated by vacuum filtration and precipitated
again from THF into MeOH. The second precipitation followed by drying overnight
under high vacuum gave 3.8 (232 mg, 44% yield) as a fluffy yellow solid. 1H NMR (300
MHz, CDCl3, δ): 6.51-7.48 (m, 14H), 3.72-3.92 (m, 2.25H), 3.31-3.49 (m, 2.75H), 1.46-
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157 (br, 4H), 1.25-1.33 (br, 5H), 0.78-0.89 (m, 6H).

19

F NMR (282 MHz, CDCl3, δ): -

127.55, -128.34, -128.62, -129.31, -129.42, -129.55, -130.06, -130.14, -130.65, -130.92, 131.19, -131.54. Anal. Calcd for C41H40F6O2: C, 66.45; H, 5.42; F, 18.02; O, 10.12.
Found: C, 67.17; H, 6.03.

Synthesis of TFVE Chromophore Monomers.

Synthesis

of

9,9-dihexyl-2,7-phenyltrifluorovinyloxyfluorene

4.1.

9,9-

Dihexylfluorene-2,7-diboronic acid (922 mg, 2.18 mmol), Br-TFVE (1.16 g, 4.59
mmol), 2 M (aq.) Na2CO3 (8 mL), and anhydrous THF (30 mL) were added to a 50 mL
two-neck round bottom flask equipped with a N2 inlet, magnetic stirbar, and a reflux
condenser. The reaction mixture was allowed to stir until all reagents had fully dissolved;
the solution was then sparged with N2 for 10 min. Next, Pd(PPh3)4 (250 mg, 0.22 mmol)
was added, and the reaction mixture was refluxed at 70 °C for 24 hr. The reaction
mixture was poured into H2O (50 mL) and extracted with CH2Cl2 (3 · 25 mL). The
organic layer was separated, dried (MgSO4), filtered, and concentrated under vacuum.
The solid was then recrystallized from MeOH and filtered over alumina (THF) to yield
9,9-dihexyl-2,7-phenyltrifluorovinyloxyfluorene 4.1 as a white solid in a 70% yield (1.03
g). Mp (DSC) 102 °C. 1H NMR (300 MHz, CDCl3, δ): 7.78 (d, J = 7.9 Hz, 1H), 7.67 (d,
J = 8.2 Hz, 2H) 7.55 (d, J = 7.9 Hz, 1H), 7.51 (s, 1H), 7.23 (d, J = 8.6 Hz, 2H), 2.06 (t, J
= 6.6 Hz, 2H), 1.14-1.07 (m, 8H), 0.77-0.78 (m, virtual coupling, 3H).

19

F NMR (282

MHz, CDCl3, δ): –133.4 (dd, J = 59.2, 111.9 Hz, 1F), –126.0 (dd, J = 98.7, 111.9 Hz,
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1F), –119.2 (dd, J = 59.2, 95.4 Hz, 1F).

13

C NMR (75 MHz, DMSO-D6, δ): 14.07,

22.65, 23.89, 29.77, 31.54, 40.50, 55.40, 116.31, 120.22, 121.46, 126.05, 128.79, 138.7,
139.05, 140.15, 151.86. Anal. Calcd for C41H40F6O2: C, 72.55; H, 5.94; F, 16.79; O,
4.71. Found: C, 72.41; H, 5.70.

Synthesis of 5,5-phenyltriflourovinyloxybisthiophene 4.2.

4-(trifluorovinyloxy)-

benzeneboronic acid pinacol ester 2.3 (1.02 g, 3.39 mmol), 5,5-dibromobisthiophene (0.5
g, 1.54 mmol), 2 M (aq.) Na2CO3 (4 mL), and anhydrous dioxane (10 mL) were added to
a 50 mL two-neck round round bottom flask equipped with a N2 inlet and a reflux
condenser.

The reaction mixture was allowed to stir until all reagents had fully

dissolved; the solution was then sparged with N2 for 10 min. Next Pd(PPh3)4 (200 mg,
0.17 mmol) was added and the reaction mixture was heated at 100 °C for 24 hr. The
reaction mixture was poured into H2O (40 mL) and extracted with EtOAc (3 · 25 mL).
The organic layer was separated, dried (Mg2SO4), filtered, and concentrated under
vacuum. The solid was washed repeatedly with MeOH to remove the monosubstituted
product

and

filtered

over

alumina

(THF)

to

yeild

5,5-

phenyltriflourovinyloxybisthiophene 4.2 as a bright yellow solid in a 40 % yield (0.31 g).
Mp (DSC) 77 °C. 1H NMR (300 MHz, DMSO-D6, δ): 7.74 (d, J = 8.6 Hz, 4H), 7.50 (d,
J = 3.8 Hz, 2H) 7.36 (d, J = 3.8 Hz, 2H), 7.35 (d, J = 8.9 Hz, 1H).

19

F NMR (282 MHz,

DMSO-D6, δ): –134.1 (dd, J = 59.4, 107.9 Hz, 1F), –125.6 (dd, J = 97.9, 112.4 Hz, 1F),
–117.6 (dd, J = 59.3, 95.7 Hz, 1F).

13

C NMR (75 MHz, DMSO-D6, δ): 123.83, 124.57,
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125.93, 128.12, 129.86, 136.32, 137.69, 147.63. Anal. Calcd for C24H12F6O2S2: C, 56.47;
H, 2.37; F, 22.33; O, 6.27; S, 12.56. Found: C, 56.04; H, 2.18.

Synthesis

of

4,7-phenyltrifluorovinyloxybenzothiadiazole

4.3.

4-(trifluoro-

vinyloxy)benzneboronic acid pinacol ester 2.3 (1.0 g, 3.3 mmol), 4,7-dibromo-2,1,3benzothiadiazole (0.445 g (1.5 mmol), 2 M (aq.) Na2CO3 (4 mL), and anhydrous dioxane
(10 mL) were added to a 50 mL two neck round round bottom flask equipped with a N2
inlet and a reflux condenser. The reaction mixture was allowed to stir until all reagents
had fully dissolved; the solution was then sparged with N2 for 10 min. Next Pd(PPh3)4
(200 mg, 0.17 mmol) was added and the reaction mixture was heated at 90 °C for 24 hr.
The reaction mixture was poured into H2O (50 mL) and extracted with EtOAc (3 x 25
mL). The organic layer was separated, dried (Mg2SO4), filtered, and concentrated under
vacuum. The solid was then recrystallized with MeOH and filtered over alumina (THF)
to yield 4,7-phenyltrifluorovinyloxybenzothiadiazole 4.3 as a bright green solid in a 61%
yield (0.439 g). Mp (DSC) 153 °C. 1H NMR (300 MHz, CDCl3, δ): 7.97 (d, J = 8.6 Hz,
4H), 7.74 (s, 2H), 7.28 (d, J = 8.6 Hz, 4H). 19F NMR (282 MHz, CDCl3, δ): –133.5 (dd, J
= 59.2, 108.6 Hz, 1F), –125.7 (dd, J = 98.7, 113.0 Hz, 1F), –119.0 (dd, J = 59.2, 95.5 Hz,
1F).

13

C NMR (75 MHz, DMSO-D6, δ): 113.9, 114.12, 139.83, 140.21, 142.47, 148.56.

Anal. Calcd for C22H10F6N2O2S: C, 55.01; H, 2.10; F, 23.73; N, 5.41; O, 6.66; S, 6.68.
Found: C, 55.92; H, 2.37; N, 5.19.
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Synthesis of 4-(trifluorovinyloxy)benzoyl chloride 4.4. To a one neck 50 mL round
bottom flask equipped with a reflux condenser, N2 inlet, and magnetic stirbar was added
4-(trifluorovinyloxy)benzoic acid (2.0 g, 9.1 mmol) and 5 mL of SOCl2. The reaction
was refluxed for 3 hours and the SOCl2 was removed by vacuum distillation. Vacuum
distillation at 80 ºC and 0.5 torr gave 1.14 g (53% yield) of 4.4 as a clear oil. 1H NMR
(300 MHz, CDCl3, δ): 8.14 (d, J = 9.0 Hz, 4H), 7.19 (d, J = 8.3 Hz, 2H).

19

F NMR (282

MHz, CDCl3, δ): –133.5 (dd, J = 59.2, 108.5 Hz, 1F), –124.9 (dd, J = 95.4, 111.8 Hz,
1F), –118.2 (dd, J = 59.2, 95.4 Hz, 1F).

Synthesis of 4-(trifluorovinyloxy)benzhydrazide 4.5. To a two neck 50 mL round
bottom flask equipped with a reflux condenser, N2 inlet, and magnetic stirbar was added
hydrazine monohydrate (1.44 g, 28.7 mmol) and 5 mL of ethanol.

Ethyl 4-

(trifluorvinyloxy)benzoate 4.4 (1.0 g, 4.1 mmol) was added dropwise via syringe, and the
reaction was allowed to stir overnight. The solvent was removed by vacuum to give 4(trifluorovinyloxy)benzhydrazide 4.5 in 56% yield. 1H NMR (300 MHz, CDCl3, δ): 8.14
(d, J = 9.0 Hz, 4H), 7.36 (b, 1H), 7.19 (d, J = 8.3 Hz, 2H), 4.13-4.22 (b, 2H).

19

F NMR

(282 MHz, CDCl3, δ): –135.4 (dd, J = 59.1, 109.1 Hz, 1F), –125.2 (dd, J = 95.2, 111.2
Hz, 1F), –117.9 (dd, J = 59.1, 95.2 Hz, 1F).

Synthesis of bis-4,4-(trifluorovinyloxy)benzhydrazide 4.6.

4-(trifluorovinyloxy)-

benzhydrazide 4.5 (1.0 g, 4.31 mmol), 4-(trifluorovinyloxy)benzoyl chloride 4.4 (1.02 g,
4.31 mmol), and 10 mL of NMP were added to a one neck 50 mL round bottom flask
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equipped with a N2 inlet and magnetic stirbar. The mixture was stirred overnight and
then poured into 50 mL of H2O to precipitate the product and remove the NMP. The
precipitate was isolated by vacuum filtration followed by repeated washing with H2O.
Drying

under

vacuum

gave

(trifluorovinyloxy)benzhydrazide 4.6.

1.62
1

g

(87%

yield)

of

bis-4,4-

H NMR (300 MHz, CDCl3, δ): 8.34 (d, J = 8.6

Hz, 4H), 7.22 (d, J = 8.6 Hz, 4H), 1.94, (d, J = 1.4 Hz, 2H).

19

F NMR (282 MHz, CDCl3,

δ): –135.5 (dd, J = 59.2, 111.5 Hz, 1F), –124.3 (dd, J = 93.4, 111.5 Hz, 1F), –117.4 (dd, J
= 59.2, 93.4 Hz, 1F).

Synthesis of TFVE oxadiazole 4.7. Bis-4,4-(trifluorovinyloxy)benzhydrazide 4.6 (1.0 g,
2.3 mmol) and 5 mL of POCl3 was added to a 25 mL one neck round bottom flask. The
reaction mixture was heated to 50 ºC and stired overnight. The reaction mixture was
poured into CH2Cl2 and extracted with 3 x 20 mL of H2O to remove the POCl3. Silica
gel column chromatography with 4% EtOAc/hexanes provided 0.43 g (46% yield) of
TFVE oxadiazole 4.7. 1H NMR (300 MHz, CDCl3, δ): 8.28 (d, J = 8.9 Hz, 4H), 7.38 (d,
J = 8.6 Hz, 4H).

19

F NMR (282 MHz, CDCl3, δ): –135.6 (dd, J = 59.2, 111.8 Hz, 1F), –

124.0 (dd, J = 92.1, 111.9 Hz, 1F), –117.2 (dd, J = 59.2, 92.1 Hz, 1F).

Synthesis of Polymer 4.8. Bis(trifluorovinyloxybiphenyl) monomer 1.2 (500 mg, 1.4
mmol) and 9,9-dihexyl-2,7-phenyltrifluorovinyloxyfluorene 4.1 (50 mg, 0.07 mmol)
were added to a flame dried glass ampule. The reaction mixture was heated to melting
under a high vacuum to remove any remaining solvent, and then sealed. The ampule was
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placed in a sand bath at 180 ºC for 24 hours, then allowed to return to room temperature
and opened.

The solid polymer was dissolved in a minimum amount of THF,

precipitated into a large excess of MeOH, filtered, and washed repeatedly with MeOH to
yield 4.8 (496 mg) as a fibrous white solid in 90 % isolated yield. 1H NMR (300 MHz,
CDCl3, δ): 7.46 (d, J = 7.3 Hz, 1H), 7.21-7.13 (m, 1H).

19

F NMR (282 MHz, CDCl3, δ):

-127.41, -127.53, -128.26, -128.49, -129.22, -129.89, -130.05, -130.67, -130.97, -131.28.

Synthesis of Polymer 4.9. Biphenyltrifluorovinyl ether monomer 1.2 (500 mg, 1.4
mmol) and 5,5-phenyltriflourovinyloxybisthiophene 4.2 (50 mg, 0.098 mmol) were
polymerized following the procedure for the preparation of 4.8 to yield 4.9 (476 mg) as a
bright yellow fibrous solid in 87 % isolated yield. 1H NMR (300 MHz, CDCl3, δ): 7.47
(d, J = 7.9 Hz, 1H), 7.23-7.15 (m, 1H); 19F NMR (282 MHz, CDCl3, δ): -127.75, -127.89,
-128.00, -128.54, -128.68, -129.39, -130.07, -130.18, -130.86, -130.96, -131.22.

Synthesis of Polymer 4.10.

Biphenyltrifluorovinyl ether monomer 1.2 (500 mg, 1.4

mmol) and 4,7-phenyltrifluorovinyloxybenzothiadiazole 4.3 (50 mg, 1.04 mmol) were
polymerized following the procedure for the preparation of 4.8 to yield 4.10 (489 mg) as
a light green fibrous solid in 89 % isolated yield. 1H NMR (300 MHz, CDCl3, δ): 7.45
(d, J = 7.2 Hz, 1H), 7.21-7.13 (m, 1H);

19

F NMR (282 MHz, CDCl3, δ): -126.63, -

127.81, -127.93, -128.60, -128.72, -129.24, -129.43, -130.12, -130.22, -130.91, -130.99, 131.25.
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Synthesis of Polymer 4.11. Biphenyltrifluorovinyl ether monomer 1.2 (500 mg, 1.4
mmol), 9-dihexyl-2,7-phenyltrifluorovinyloxyfluorene 4.1 (50 mg, 0.07 mmol), 5,5phenyl-triflourovinyloxybisthiophene 4.2 (50 mg, 0.098 mmol), and 4,7-phenyltrifluorovinyloxybenzothiadiazole 4.3 (50 mg, 1.04 mmol) were polymerized following
the procedure for the preparation of 4.8 to yield 4.11 (523 mg) as a light green fibrous
solid in 80 % isolated yield. 1H NMR (300 MHz, CDCl3, δ): 7.45 (d, J = 7.2 Hz, 1H),
7.21-7.13 (m, 1H); 19F NMR (282 MHz, CDCl3, δ): -126.44, -127.65, -127.87, -128.46, 128.69, -129.24, -129.52, -130.07, -130.25, -130.87, -131.03, -131.28.

Synthesis of Polymer 4.12. 9-dihexyl-2,7-phenyltrifluorovinyloxyfluorene 4.1 (300 mg,
0.07 mmol) was polymerized following the procedure for the preparation of 4.8 to yield
4.12 (256 mg) as a white fluffy solid in 85 % isolated yield. 1H NMR (300 MHz, CDCl3,
δ): 7.75-7.73 (m, 1H), 7.67-7.63 (m, 2H) 7.54-7.52 (m, 2H), 7.34-7.25 (m, 2H), 2.02 (m,
2H), 1.10-1.04 (m, 8H), 0.77 (t, J = 6.19, 3H).

19

F NMR (282 MHz, CDCl3, δ): -127.46,

-127.76, -128.26, -128.55, -129.26, -129.91, -130.06, -130.70 -130.88, -131.27.

Preparation of PFCB Chromophore Networks. 1,1,1-triphenyltrifluorovinyloxyethane
1.1 (2 g, 3.66 mmol), phenyltrifluorovinyloxyfluorene 4.1 (1 mg, 0.0015 mmol), 5,5phenyl-triflourovinyloxybisthiophene

4.2

(1

mg,

0.002

mmol),

4,7-phenyl-

trifluorovinyloxybenzothiadiazole 4.3 (1 mg, 0.002 mmol) were added to a flame dried
glass ampule. The reaction mixture was heated past its melting point under a high
vacuum to remove any remaining solvent and was then sealed. The ampule was placed in
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a sand bath at 180 ºC for 24 hours.

The ampule was allowed to return to room

temperature and opened to yield a clear, 0.15% chromophore containing PFCB
crosslinked glass in the shape of the ampule. The same procedure was used to make the
7.5% glass using the following stoichiometry: 1,1,1-triphenyltrifluorovinyloxyethane (2
g, 3.66 mmol), phenyltrifluorovinyloxyfluorene 4.1 (50 mg, 0.074 mmol), 5,5-phenyltriflourovinyloxybisthiophene

4.2

(50

mg,

0.098

mmol),

4,7-phenyl-

trifluorovinyloxybenzothiadiazole 4.3 (50 mg, 0.104 mmol).

Synthesis of Ir[III] Phenylpyridine Derivatives

Synthesis of 4′,6′-difluoro-2-phenylpyridine 5.1. To a 2-neck 100 mL round-bottom
flask equipped with a N2 inlet, magnetic stirbar, and reflux condenser was added 4,6difluorobenzeneboronic acid (1.0 g, 6.3 mmol), 2-bromopyridine (0.95 g, 6.0 mmol), 2M
Na2CO3 (10 mL), and anhydrous THF (20 mL). The reaction mixture was sparged with
N2 for 10 min and Pd(PPh3)4 (0.2 g, 0.17 mmol) was added. The reaction was refluxed at
70 ºC for 24 hr. The reaction mixture was poured into 50 mL of CH2Cl2 and extracted
with 3 x 25 mL of H2O. The organic layer was dried with Mg2SO4 and the solvent was
removed under vacuum. Silica gel chromatography with 7% EtOAc/hexanes gave 0.94 g
(78% yield) of 5.1 as clear oil.

1

H NMR (300 MHz, CDCl3, δ): 6.89 (m, 1H), 7.1 (m,

1H), 7.28 (m, 1H), 7.75 (m, 2H), 8.00 (m, 1H), 8.71 (d, J = 3.5, 1H).
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Synthesis of 4,4′-Dibromo-2-phenylpyridine 5.2. To a 2-neck 250 mL round-bottom
flask equipped with a N2 inlet, magnetic stirbar, rubber septum, and reflux condenser was
added 2,5-dibromopyridine (2.69 g, 11.4 mmol), 4-bromophenylboronic acid (2.28 g,
11.4 mmol), THF (60 mL), and 2M Na2CO3 (20 mL). The reaction mixture was sparged
with N2 for 10 min and tetrakis(triphenylphosphine)palladium (0) (0.7 g, 0.6 mmol) was
added. The reaction was heated to 70 ºC and allowed to reflux for 24 hr. The reaction
was cooled to room temperature, poured into 50 mL of CH2Cl2, and extracted with 3 x 25
mL of H2O. The organic extract was dried with Mg2SO4, and the solvent was removed
by rotary evaporation. Silica gel chromatography (4% EtOAc/hexanes) gave 3.01 g (81%
yield) of 4,4′-dibromo-2-phenylpyridine 5.2 as a fluffy white solid. 1H NMR (300 MHz,
CDCl3, δ): 8.71 (d, J = 1.7Hz, 7.82-7.88 (m, 3H), 7.57 (d, J = 8.6 Hz, 3H). GC−EIMS
(70 eV) m/z (% relative intensity) 311,313,315 (M+, 50,100,50), 232 (25,25), 153 (50),
126 (20), 76 (30), 50 (45).

Synthesis of (dfppy)2Ir(μ-Cl)2Ir(dfppy)2. To a 50 mL round bottom flask equipped
with a magnetic stirbar, N2 inlet, and reflux condenser was added 2–(4′,6′difluorophenyl)pyridine 5.1 (0.895 g, 4.68 mmol), IrCl3·H2O (0.350 mg 1.17 mmol), 30
mL of 2-ethoxyethanol, and 10 mL water. The solution was refluxed at 120 ºC for 24
hours. The precipitate was filtered off, and washed repeatedly with a 1:1 solution of
acetone and EtOH to give 0.591 g of (dfppy)2Ir(μ-Cl)2Ir(dfppy)2 (83 % yield) as a fine
green-yellow powder. 1H NMR (300 MHz, DMSO-D6, δ): 9.73 (d, J = 5.8 Hz, 1H), 9.51
(d, J = 5.5 Hz, 1H), 8.08-8.26 (m, 5H), 7.61 (t, J = 6.2 Hz, 1H), 7.53 (t, J = 6.5 Hz, 1H),
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6.70-6.83 (m, 3H), 5.69 (d, J = 6.2 Hz, 1H), 5.03 (d, J = 6.2 Hz, 1H).

19

F NMR (282

MHz, DMSO-D6, δ): -106.57 (d, J = 6.6 Hz, 1F), 107.86 (d, J = 9.9 Hz, 1F), 108.72 (t, J
= 13.1 Hz, 1F), 106.57 (t, J = 9.8 Hz, 1F).

Synthesis of (ppy)2Ir(μ-Cl)2Ir(ppy)2. To a 50 mL round bottom flask equipped with a
magnetic stirbar, N2 inlet, and reflux condenser was added 2-phenylpyridine (0.726 g,
4.68 mmol), IrCl3·H2O (0.350 mg 1.17 mmol), 30 mL of 2-ethoxyethanol, and 10 mL
water. The solution was refluxed at 120 ºC for 24 hours. The precipitate was filtered off,
and washed repeatedly with a 1:1 solution of acetone and EtOH to give 0.546 g of
(ppy)2Ir(μ-Cl)2Ir(ppy)2 (87 % yield) as a fine yellow powder.

1

H NMR (300 MHz,

DMSO-D6, δ): 9.76 (d, J = 5.9 Hz, 1H), 9.51 (d, J = 5.5 Hz, 1H), 8.20 (d, J = 7.9 Hz,
1H), 8.12 (d, J = 7.9 Hz, 1H), 8.02 (t, J = 7.6 Hz, 1H), 7.94 (t, J = 7.6 Hz, 1H), 7.68-7.76
(m, 2H), 7.39-7.53 (m, 2H), 6.63-6.86 (m, 5H), 6.20 (d, J = 7.6 Hz, 1H), 5.62 (d, J = 7.2
Hz, 1H).

Synthesis of (bt)2Ir(μ-Cl)2Ir(bt)2. To a 50 mL round bottom flask equipped with a
magnetic stirbar, N2 inlet, and reflux condenser was added 2-phenylbenzothiazole (0.989
g, 4.68 mmol), IrCl3·H2O (0.350 mg 1.17 mmol), 30 mL of 2-ethoxyethanol, and 10 mL
water. The solution was refluxed at 120 ºC for 24 hours. The precipitate was filtered off,
and washed repeatedly with a 1:1 solution of acetone and EtOH to give 0.683 g of
(bt)2Ir(μ-Cl)2Ir(bt)2 (90 % yield) as a fine orange powder. Product was only slightly
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soluble in deuterated solvents. 1H NMR (300 MHz, DMSO-D6, δ): 8.8 (b), 9.7 (b), 8.24
(d, J = 7.2 Hz, 1H), 8.02-8.05 (m, 2H), 7.44-7.71 (m, 5H), 6.8 (b, 1H), 6.6 (b, 1H).

Synthesis of (btp)2Ir(μ-Cl)2Ir(btp)2. To a 50 mL round bottom flask equipped with a
magnetic stirbar, N2 inlet, and reflux condenser was added 2-(2-pyridyl)benzothiophene
(0.726 g, 4.68 mmol), IrCl3·H2O (0.350 mg 1.17 mmol), 30 mL of 2-ethoxyethanol, and
10 mL water. The solution was refluxed at 120 ºC for 24 hours. The precipitate was
filtered off, and washed repeatedly with a 1:1 solution of acetone and EtOH to give 0.614
g of (ppy)2Ir(μ-Cl)2Ir(ppy)2 (81 % yield) as a fine red-orange powder.

1

H NMR (300

MHz, DMSO-D6, δ): 9.88 (d, J = 5.9 Hz, 1H), 9.13 (d, J = 5.8 Hz, 1H), 8.13 (t, J = 7.9
Hz, 1H), 8.04 (t, J = 7.6 Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.73-7.80(m, 3H), 7.47 (t, J =
6.5 Hz, 1H), 7.40 (t, J = 6.6 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 7.06 (t, J = 7.5 Hz, 1H),
6.85 (t, J = 7.6 Hz, 1H), 6.72 (t, J = 7.2 Hz, 1H), 6.13 (d, J = 8.0 Hz, 1H), 5.50 (d, J =
8.3 Hz, 1H).

Synthesis

of

Iridium[III]

bis(2-(4,6-difluorophenyl)pyridinato-N,C2′)

(2-

phenylpyridinato-N,C2′) [(dfppy)2Ir(ppy)] 5.3. To a 50 mL one neck round bottom
flask equipped with a N2 inlet and reflux condenser was added (dfppy)2Ir(μCl)2Ir(dfppy)2 (100 mg, 0.082 mmol), 2-phenylpyridine (1.0 g, 6.4 mmol) and ethylene
glycol (13 mL). The mixture was heated with microwave irradiation for 3 min to react all
of the (dfppy)2Ir(μ-Cl)2Ir(dfppy)2. After 3 min of microwave heating, more (dfppy)2Ir(μCl)2Ir(dfppy)2 (100 mg, 0.082 mol) was added, and the reaction was subjected to another
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three minutes of microwave energy. The reaction mixture was slowly cooled to room
temperature to recrystallize product (dfppy)2Ir(ppy) 5.3. Vacuum filtration followed by
washing with Et2O to remove any remaining ethylene glycol, gave 217 mg of
(dfppy)2Ir(ppy) 5.3 (91% yield). 1H NMR (300 MHz, DMSO-D6, δ): 8.08-8.23 (m, 2H),
7.70-7.91 (m, 4H), 7.52-7.55 (m, 1H), 7.40-7.46 (m, 1H), 7.08-7.23 (m, 2H), 6.74-6.83
(m, 2H), 6.56-6.66 (m, 3H), 6.04-6.09 (m, 1H).

19

F NMR (282 MHz, DMSO-D6, δ): -

109.65 (t, J = 9.9 Hz, 2F), -110.38-110.21 (m, 3F), -110.85 (t, J = 9.9 Hz, 1F). Anal.
Calcd for C22H10F6N2O2S: C, 54.54; H, 2.77; N, 5.78. Found: C, 55.01; H, 3.02; N, 5.92.

Synthesis of Iridium[III] tris(2-phenylpyridinato-N,C2′) [(ppy)3Ir] 5.4. To a 50 mL
one neck round bottom flask equipped with a N2 inlet and reflux condenser was added
(ppy)2Ir(μ-Cl)2Ir(ppy)2 (100 mg, 0.093 mmol), 2-phenylpyridine (1.0 g, 6.4 mmol) and
ethylene glycol (10 mL). The mixture was heated with microwave irradiation for 3 min
to react all of the (ppy)2Ir(μ-Cl)2Ir(ppy)2. After 3 min of microwave heating, more
(ppy)2Ir(μ-Cl)2Ir(ppy)2 (100 mg, 0.093 mol) was added, and the reaction was subjected to
another three minutes of microwave energy. The reaction mixture was slowly cooled to
room temperature to recrystallize product (ppy)3Ir 5.4. Vacuum filtration followed by
washing with Et2O to remove any remaining ethylene glycol, gave 230 mg of (ppy)3Ir 5.4
(94% yield). 1H NMR (300 MHz, DMSO-D6, δ): 8.08 (d, J = 8.3 Hz, 1H), 7.70-7.78 (m,
2H), 7.44 (d, J = 4.8 Hz, 1H), 7.07 (t, J = 6.2 Hz, 1H), 6.73-6.79 (m, 1H), 6.60-6.67 (m,
2H). Anal. Calcd for C22H10F6N2O2S: C, 60.53; H, 3.69; N, 6.42. Found: C, 60.23; H,
3.64; N, 6.36.
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Synthesis of Iridium[III] bis(2-phenylbenzothiazolato-N,C2′) (2-phenylpyridinatoN,C2′) [(bt)2Ir(ppy)] 5.5. To a 50 mL one neck round bottom flask equipped with a N2
inlet and reflux condenser was added (bt)2Ir(μ-Cl)2Ir(bt)2 (100 mg, 0.077 mmol), 2phenylpyridine (1.0 g, 6.4 mmol) and ethylene glycol (12 mL). The mixture was heated
with microwave irradiation for 4 min to react all of the (bt)2Ir(μ-Cl)2Ir(bt)2. After 4 min
of microwave heating, more (bt)2Ir(μ-Cl)2Ir(bt)2 (100 mg, 0.077 mol) was added, and the
reaction was subjected to another four minutes of microwave energy. The reaction
mixture was slowly cooled to room temperature to recrystallize product (bt)2Ir(ppy) 5.5.
Vacuum filtration followed by washing with Et2O to remove any remaining ethylene
glycol, gave 218 mg of (bt)2Ir(ppy) 5.5 (92% yield). 1H NMR (300 MHz, DMSO-D6, δ):
8.08 (d, J = 9.6 Hz, 1H), 7.68-7.80 (m, 3H), 7.44 (d, J = 4.8 Hz, 1H), 7.07-7.11 (m, 1H),
6.74-6.79 (m, 1H), 6.60-6.67(m, 2H). Anal. Calcd for C22H10F6N2O2S: C, 57.94; H, 3.15;
N, 5.48. Found: C, 58.25; H, 3.52; N, 5.93.

Synthesis

of

Iridium[III]

bis(2-(2′-benzothienyl)pyridinato-N,C3′)

(2-

phenylpyridinato-N,C2′) [(btp)2Ir(ppy)] 5.6. To a 50 mL one neck round bottom flask
equipped with a N2 inlet and reflux condenser was added (bt)2Ir(μ-Cl)2Ir(bt)2 (100 mg,
0.077 mmol), 2-phenylpyridine (1.0 g, 6.4 mmol) and ethylene glycol (14 mL). The
mixture was heated with microwave irradiation for 5 min to react all of the (bt)2Ir(μCl)2Ir(bt)2. After 5 min of microwave heating, more (bt)2Ir(μ-Cl)2Ir(bt)2 (100 mg, 0.077
mol) was added, and the reaction was subjected to another five minutes of microwave
energy. The reaction mixture was slowly cooled to room temperature to recrystallize
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product (bt)2Ir(ppy) 5.6. Vacuum filtration followed by washing with Et2O to remove
any remaining ethylene glycol, gave 213 mg of (bt)2Ir(ppy) 5.6 (90% yield).

1

H NMR

(300 MHz, DMSO-D6, δ): 8.08 (d, J = 8.3 Hz, 2H), 7.68-7.79 (m, 6H), 7.26-7.49 (m,
3H), 7.08-7.13 (m, 2H), 6.96-7.00 (m, 1H), 6.62-6.79 (m, 6H), 6.48-6.54 (m, 1H). Anal.
Calcd for C22H10F6N2O2S: C, 57.94; H, 3.15; N, 5.48. Found: C, 58.32; H, 3.39; N, 5.91.

Synthesis of Iridium[III] bis(2-(4,6-difluorophenyl)pyridinato-N,C2′) (1,4′-Dibromo2-phenylpyridinato-N,C2′) [(dfppy)2Ir(dbppy)] 5.7. To a 50 mL one neck round bottom
flask equipped with a N2 inlet and reflux condenser was added (dfppy)2Ir(μCl)2Ir(dfppy)2 (100 mg, 0.082 mmol), 4,4′-dibromo-2-phenylpyridine 5.2 (1.0 g, 3.2
mmol) and 2-ethoxyethanol (15 mL).

The mixture was heated with microwave

irradiation for 8 min to react all of the (dfppy)2Ir(μ-Cl)2Ir(dfppy)2. After 8 min of
microwave heating, more (dfppy)2Ir(μ-Cl)2Ir(dfppy)2 (100 mg, 0.082 mmol) was added,
and the reaction was subjected to another 10 minutes of microwave energy. The reaction
mixture was slowly cooled to room temperature, poured into 50 mL of CH2Cl2, and
extracted with 3 x 25 mL of saturated NaCl solution to remove the 2-ethoxyethanol. The
organic layer was dried with MgSO4, and the solvent was removed by rotary evaporation.
Silica gel chromatography (4% EtOAc/hexanes) allowed for the recovery of the excess
4,4′-dibromo-2-phenylpyridine.

The polarity of the eluting solvent was changed to

CH2Cl2 to give 252 mg (87% yield) of (dfppy)2Ir(dbppy) 5.7.

1

H NMR (300 MHz,

CDCl3, δ): 8.7 (m, 2H), 7.4-7.9 (m, 8H), 7.04-7.16 (m, 4H), 6.89-6.92 (m, 2H), 6.75-
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6.77 (m, 1H). Anal. Calcd for C22H10F6N2O2S: C, 44.81; H, 2.05; N, 4.75. Found: C,
43.96; H, 2.32; N, 4.3.

Synthesis

of

Iridium[III]

bis(2-phenylpyridinato-N,C2′)

(1,4′-Dibromo-2-

phenylpyridinato-N,C2′) [(ppy)3Ir(dbppy)] 5.8. To a 50 mL one neck round bottom
flask equipped with a N2 inlet and reflux condenser was added (ppy)2Ir(μ-Cl)2Ir(ppy)2
(100 mg, 0.093 mmol), 4,4′-dibromo-2-phenylpyridine 5.2 (1.0 g, 3.2 mmol) and 2ethoxyethanol (15 mL). The mixture was heated with microwave irradiation for 8 min to
react all of the (ppy)2Ir(μ-Cl)2Ir(ppy)2.

After 8 min of microwave heating, more

(ppy)2Ir(μ-Cl)2Ir(ppy)2 (100 mg, 0.093 mmol) was added, and the reaction was subjected
to another 10 minutes of microwave energy. The reaction mixture was slowly cooled to
room temperature, poured into 50 mL of CH2Cl2, and extracted with 3 x 25 mL of
saturated NaCl solution to remove the 2-ethoxyethanol. The organic layer was dried with
MgSO4, and the solvent was removed by rotary evaporation. Silica gel chromatography
(4% EtOAc/hexanes) allowed for the recovery of the excess 4,4′-dibromo-2phenylpyridine. The polarity of the eluting solvent was changed to CH2Cl2 to give 266
mg (88% yield) of (ppy)2Ir(dbppy) 5.8. 1H NMR (300 MHz, DMSO-D6, δ): 8.21 (d, J =
7.9 Hz, 1H), 8.06-8.15 (m, 3H), 7.97 (t, J = 7.2, 1H), 7.70-7.75 (m, 4H), 7.51 (t, J = 7.2,
1H), 7.42-7.44 (m, 1H), 7.08-7.14 (m, 1H), 6.76-6.86 (m, 3H), 6.63-6.67 (m, 2H), 6.206.22 (m, 1H). Anal. Calcd for C22H10F6N2O2S: C, 48.78; H, 2.73; N, 5.17. Found: C,
49.62; H, 3.45; N, 4.69.
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Synthesis of Iridium[III] bis(2-phenylbenzothiazolato-N,C2′) (1,4′-Dibromo-2phenylpyridinato-N,C2′) [(bt)2Ir(dbppy)] 5.9. To a 50 mL one neck round bottom flask
equipped with a N2 inlet and reflux condenser was added (bt)2Ir(μ-Cl)2Ir(bt)2 (100 mg,
0.077 mmol), 4,4′-dibromo-2-phenylpyridine 5.2 (1.0 g, 3.2 mmol) and 2-ethoxyethanol
(15 mL). The mixture was heated with microwave irradiation for 10 min to react all of
the (bt)2Ir(μ-Cl)2Ir(bt)2. After 10 min of microwave heating, more (bt)2Ir(μ-Cl)2Ir(bt)2
(100 mg, 0.077 mmol) was added, and the reaction was subjected to another 10 minutes
of microwave energy. The reaction mixture was slowly cooled to room temperature,
poured into 50 mL of CH2Cl2, and extracted with 3 x 25 mL of saturated NaCl solution to
remove the 2-ethoxyethanol. The organic layer was dried with MgSO4, and the solvent
was removed by rotary evaporation. Silica gel chromatography (4% EtOAc/hexanes)
allowed for the recovery of the excess 4,4′-dibromo-2-phenylpyridine. The polarity of
the eluting solvent was changed to CH2Cl2 to give 239 mg (84% yield) of (bt)2Ir(dbppy)
5.9. 1H NMR (300 MHz, DMSO-D6, δ): 8.37 (b, 2H), 8.21-8.23 (m, 1H), 8.11 (d, J =
7.9 Hz, 1H), 7.88-7.97 (m, 2H), 7.64-7.71 (m, 1H), 7.31-7.52 (m, 4H), 7.05-7.25 (m, 8H),
6.90 (b, 5H), 6.41 (d, J = 8.3 Hz, 1H), 6.20-6.24 (m, 2H), 6.06 (d, J = 8.6 Hz, 1H).
Anal. Calcd for C22H10F6N2O2S: C, 48.06; H, 2.40; N, 4.54. Found: C, 48.74; H, 2.95; N,
3.86.

Synthesis of Iridium[III] bis(2-(2′-benzothienyl)pyridinato-N,C3′) (1,4′-Dibromo-2phenylpyridinato-N,C2′) [(btp)2Ir(dbppy)] 5.10. To a 50 mL one neck round bottom
flask equipped with a N2 inlet and reflux condenser was added (btp)2Ir(μ-Cl)2Ir(btp)2 (100
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mg, 0.077 mmol), 4,4′-dibromo-2-phenylpyridine 5.2 (1.0 g, 3.2 mmol) and 2ethoxyethanol (15 mL). The mixture was heated with microwave irradiation for 12 min
to react all of the (btp)2Ir(μ-Cl)2Ir(btp)2.

After 8 min of microwave heating, more

(btp)2Ir(μ-Cl)2Ir(btp)2 (100 mg, 0.077 mmol) was added, and the reaction was subjected
to another 12 minutes of microwave energy. The reaction mixture was slowly cooled to
room temperature, poured into 50 mL of CH2Cl2, and extracted with 3 x 25 mL of
saturated NaCl solution to remove the 2-ethoxyethanol. The organic layer was dried with
MgSO4, and the solvent was removed by rotary evaporation. Silica gel chromatography
(4% EtOAc/hexanes) allowed for the recovery of the excess 4,4′-dibromo-2phenylpyridine. The polarity of the eluting solvent was changed to CH2Cl2 to give 228
mg (80% yield) of (btp)2Ir(dbppy) 5.10. 1H NMR (300 MHz, DMSO-D6, δ): 8.00-8.15
(m, 3H), 7.88 (d, J = 7.9 Hz, 1H), 7.65-7.73 (m, 4H), 7.06-7.38 (m, 9H), 6.56-6.98 (m,
3H), 6.14 (d, J = 7.9 Hz, 1H). Anal. Calcd for C22H10F6N2O2S: C, 48.06; H, 2.40; N,
4.54. Found: C, 49.01; H, 2.75; N, 4.62.

Synthesis of TFVE Endcapped Oligofluorene Derivatives.

Synthesis of TFVE Endcapped Oligo(9,9-dioctylfluorene) 6.1. To a 2 neck 100 mL
round bottom flask equipped with a magnetic stirbar, reflux condenser, N2 inlet, and
rubber septum was added 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol)
ester (1.0 g, 1.79 mmol), 9,9-dioctyl-2,7-dibromofluorene (0.49 g, 0.90 mmol), 2M
Na2CO3 (10 mL), and THF (20 mL). The reaction mixture was sparged with N2 for 10
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min, and Pd(PPh3)4 (400 mg, 0.35 mmol) was added. The reaction was heated to 70 ºC
for 6 hours and 4-bromotrfluorovinyloxybenzene Br-TFVE (0.50 g, 0.20 mmol) and
Pd(PPh3)4 (200 mg, 0.18 mmol) were added. The reaction stirred at 70 ºC for 12 hours,
and poured into 50 mL of CH2Cl2. The mixture was extracted with 3 x 20 mL of H2O
and the organic layer was dried with MgSO4, filtered over alumina, and concentrated
under vacuum. The concentrated solution was precipitated by dropwise addition into
MeOH. Vacuum filtration and overnight drying under vacuum gave 1.65 g of TFVE
endcapped oligo(9,9-dioctylfluorene) 6.1 as a pale green fluffy solid.

1

H NMR (300

MHz, CDCl3, δ): 7.81-7.84 (m, 2H), 7.64-7.69 (m, 5H), 7.30-7.32 (m, 1H), 7.20-7.23 (m,
1H), 2.10 (b, 5H), 1.13 (b, 25H), 0.80 (b).

19

F NMR (282 MHz, CDCl3, δ): –133.93 (dd,

J = 59.2, 108.5 Hz, 1F), –126.81 (dd, J = 95.4, 108.5 Hz, 1F), –119.78 (dd, J = 59.2, 98.6
Hz, 1F).

Synthesis of TFVE Endcapped Oligo(9,9-dioctylfluorene-co-2,1,3-benzothiadiazole)
6.2. To a 2 neck 100 mL round bottom flask equipped with a magnetic stirbar, reflux
condenser, N2 inlet, and rubber septum was added 9,9-dioctylfluorene-2,7-diboronic acid
bis(1,3-propanediol) ester (1.0 g, 1.79 mmol), 4,7-dibromo-2,1,3-benzothidiazole (0.26 g,
0.90 mmol), 2M Na2CO3 (10 mL), and THF (20 mL). The reaction mixture was sparged
with N2 for 10 min, and Pd(PPh3)4 (400 mg, 0.35 mmol) was added. The reaction was
heated to 70 ºC for 6 hours and 4-bromotrfluorovinyloxybenzene Br-TFVE (0.50 g, 0.20
mmol) and Pd(PPh3)4 (200 mg, 0.18 mmol) were added. The reaction stirred at 70 ºC for
12 hours, and poured into 50 mL of CH2Cl2. The mixture was extracted with 3 x 20 mL
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of H2O and the organic layer was dried with MgSO4, filtered over alumina, and
concentrated under vacuum. The concentrated solution was precipitated by dropwise
addition into MeOH. Vacuum filtration and overnight drying under vacuum gave 1.04 g
of TFVE endcapped oligo(9,9-dioctylfluorene-co-2,1,5-benzothiadizaole) 6.2 as a bright
yellow powder. 1H NMR (300 MHz, CDCl3, δ): 7.91-8.04 (m, 3H), 7.55-7.70 (m, 2H),
7.21 (d, J = 8.2 Hz, 1H), 2.05 (b, 2H), 1.11 (b, 9H), 0.79 (b, 4H).

19

F NMR (282 MHz,

CDCl3, δ): –133.93 (dd, J = 59.2, 111.8 Hz, 1F), –126.77 (dd, J = 98.6, 111.8 Hz, 1F), –
119.75 (dd, J = 59.2, 98.6 Hz, 1F).

Synthesis of TFVE Endcapped Oligo(9,9-dioctylfluorene-co-9-octylcarbazole) 6.3.
To a 2 neck 100 mL round bottom flask equipped with a magnetic stirbar, reflux
condenser, N2 inlet, and rubber septum was added 9,9-dioctylfluorene-2,7-diboronic acid
bis(1,3-propanediol) ester (1.0 g, 1.79 mmol), 3,6-dibromo-9-octylcarbazole (0.39 g, 0.90
mmol), 2M Na2CO3 (10 mL), and THF (20 mL). The reaction mixture was sparged with
N2 for 10 min, and Pd(PPh3)4 (400 mg, 0.35 mmol) was added. The reaction was heated
to 70 ºC for 6 hours and 4-bromotrfluorovinyloxybenzene Br-TFVE (0.50 g, 0.20 mmol)
and Pd(PPh3)4 (200 mg, 0.18 mmol) were added. The reaction stirred at 70 ºC for 12
hours, and poured into 50 mL of CH2Cl2. The mixture was extracted with 3 x 20 mL of
H2O and the organic layer was dried with MgSO4, filtered over alumina, and
concentrated under vacuum. The concentrated solution was precipitated by dropwise
addition into MeOH. Vacuum filtration and overnight drying under vacuum gave 0.97 g
of TFVE endcapped oligo(9,9-dioctylfluorene-co-9-octylcarbazole) 6.3 as a brown fluffy
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solid. 1H NMR (300 MHz, CDCl3, δ): 7.79-7.84 (m, 2H), 7.61-7.66 (m, 5H), 7.29 (m,
1H), 7.20-7.23 (m, 1H), 2.11 (b, 3H), 1.12 (b, 17H), 0.79 (b, 7H).

19

F NMR (282 MHz,

CDCl3, δ): –133.91 (dd, J = 59.2, 111.2 Hz, 1F), –126.65 (dd, J = 98.7, 111.2 Hz, 1F), –
119.72 (dd, J = 59.2, 98.7 Hz, 1F).

Synthesis

of

TFVE

Endcapped

Oligo(9,9-dioctylfluorene-co-bis(2-

phenylbenzothiazolato-N,C2′) (2-phenylpyridinato-N,C2′) Iridium[III]) 6.4. To a 2
neck 100 mL round bottom flask equipped with a magnetic stirbar, reflux condenser, N2
inlet, and rubber septum was added 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3propanediol) ester (0.12 g, 0.22 mmol), bis(2-phenylbenzothiazolato-N,C2′) (2phenylpyridinato-N,C2′) Iridium[III] 5.9 (0.10 g, 0.11 mmol), 2M Na2CO3 (3 mL), and
dioxane (8 mL). The reaction mixture was sparged with N2 for 10 min, and Pd(PPh3)4
(50 mg, 0.04 mmol) was added. The reaction was heated to 90 ºC for 12 hours and 4bromotrfluorovinyloxybenzene Br-TFVE (0.060 mg, 0.24 mmol) and Pd(PPh3)4 (25 mg,
0.02 mmol) were added. The reaction stirred at 70 ºC for 12 hours, and poured into 2mL of CH2Cl2. The mixture was extracted with 3 x 15 mL of H2O and the organic layer
was dried with MgSO4, filtered over alumina, and concentrated under vacuum. The
concentrated solution was precipitated by dropwise addition into MeOH.

Vacuum

filtration and overnight drying under vacuum gave 0.210 g of TFVE endcapped
oligo(fluorene-co-bis(2-phenylbenzothiazolato-N,C2′)

(2-phenylpyridinato-N,C2′)

Iridium[III]) 6.4 as a dark red powder. 1H NMR (300 MHz, CDCl3, δ):8.1-8.35 (m, 2H)
6.89-7.9 (m, 10H), 6.05-6.4 (m, 2H), 2.11 (b, 2H), 1.12 (b, 9H), 0.78 (b, 4H).
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19

F NMR

(282 MHz, CDCl3, δ): –133.92 (dd, J = 59.2, 108.5 Hz, 1F), –126.69 (dd, J = 95.4, 108.5
Hz, 1F), –119.75 (dd, J = 59.2, 95.4 Hz, 1F).

Synthesis of Polymer 6.5. TFVE endcapped oligo(9,9-dioctylfluorene) 6.1 (400 mg)
was added to a flame dried glass ampule. The monomer was heated to melting under
high vacuum to remove any remaining solvent, and then sealed. The ampule was placed
in a 170 ºC oven for 24 hours, cooled to room temperature, and opened. The polymer
was dissolved in a minimum amount of THF, precipitated into a large excess of MeOH,
filtered, and washed repeatedly with MeOH to yield 6.5 (371 mg) as a fibrous grey solid
in 93 % yield. 1H NMR (300 MHz, CDCl3, δ): 7.64-7.74 (m, 3H), 7.54 (d, J = 7.6 Hz,
1H), 7.26-7.34 (m, 1H), 2.03 (b, 4H), 1.09 (b, 20H), 0.71-0.81 (b, 8H).

19

F NMR (282

MHz, CDCl3, δ): -131.27, -130.88, -130.70, -130.06, -129.91, -129.27, -128.56, -128.25,
-127.77, -127.46, -126.51.

Synthesis of Polymer 6.6.

TFVE endcapped oligo(9,9-dioctylfluorene-co-2,1,5-

benzothiadizaole) 6.2 (400 mg) was polymerized following the procedure for the
preparation of 6.5 to yield 6.6 (342 mg) as a bright yellow fibrous solid in 85 % yield. 1H
NMR (300 MHz, CDCl3, δ): 7.91-8.04 (m, 3H), 7.55-7.70 (m, 2H), 7.21 (d, J = 8.2 Hz,
1H), 2.05 (b, 3H), 1.11 (b, 9H), 0.79 (b, 4H).

19

F NMR (282 MHz, CDCl3, δ): -131.27, -

130.88, -130.70, -130.06, -129.91, -129.27, -128.56, -128.25, -127.77, -127.46, -126.51.
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Synthesis of Polymer 6.7.

TFVE endcapped oligo(9,9-dioctylfluorene-co-9-

octylcarbazole) 6.3 (400 mg) was polymerized following the procedure for the
preparation of 6.5 to yield 6.7 (297 mg) as a bright yellow fibrous solid in 74 % yield. 1H
NMR (300 MHz, CDCl3, δ): 7.79-7.85 (m, 2H), 7.61-7.67 (m, 5H), 7.29 (m, 1H), 7.207.24 (m, 1H), 2.12 (b, 3H), 1.12 (b, 16H), 0.79 (b, 8H).

19

F NMR (282 MHz, CDCl3, δ):

-131.26, -130.88, -130.72, -130.06, -129.87, -129.28, -128.57, -128.25, -127.74, -127.33,
-126.54.

Synthesis of Polymer 6.8. TFVE endcapped oligo(9,9-dioctylfluorene) 6.1 (398 mg)
and TFVE endcapped oligo(9,9-dioctylfluorene-co-2,1,5-benzothiadizaole) 6.2 (2 mg)
were copolymerized following the procedure for the preparation of 6.5 to yield 6.8 (376
mg) as a bright yellow fibrous solid in 94 % yield. 1H NMR (300 MHz, CDCl3, δ): 7.647.74 (m, 3H), 7.54 (d, J = 7.6 Hz, 1H), 7.26-7.34 (m, 1H), 2.03 (b, 4H), 1.09 (b, 20H),
0.71-0.81 (b, 8H).

19

F NMR (282 MHz, CDCl3, δ): -131.23, -130.91, -130.71, -130.10, -

129.88, -129.23, -128.567, -128.24, -127.76, -127.44, -126.51.

Synthesis of Polymer 6.9. TFVE endcapped oligo(9,9-dioctylfluorene) 6.1 (396 mg)
and TFVE endcapped oligo(9,9-dioctylfluorene-co-2,1,5-benzothiadizaole) 6.2 (4 mg)
were copolymerized following the procedure for the preparation of 6.5 to yield 6.9 (365
mg) as a bright yellow fibrous solid in 91 % yield. 1H NMR (300 MHz, CDCl3, δ): 7.647.74 (m, 3H), 7.54 (d, J = 7.6 Hz, 1H), 7.26-7.34 (m, 1H), 2.03 (b, 4H), 1.09 (b, 20H),
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0.71-0.81 (b, 8H).

19

F NMR (282 MHz, CDCl3, δ): -131.27, -130.88, -130.70, -130.06, -

129.91, -129.27, -128.56, -128.25, -127.77, -127.46, -126.51.

Synthesis of Polymer 6.10. TFVE endcapped oligo(9,9-dioctylfluorene) 6.1 (388 mg)
and TFVE endcapped oligo(9,9-dioctylfluorene-co-2,1,5-benzothiadizaole) 6.2 (12 mg)
were copolymerized following the procedure for the preparation of 6.5 to yield 6.10 (369
mg) as a bright yellow fibrous solid in 92 % yield. 1H NMR (300 MHz, CDCl3, δ): 7.647.74 (m, 3H), 7.54 (d, J = 7.6 Hz, 1H), 7.26-7.34 (m, 1H), 2.03 (b, 4H), 1.09 (b, 20H),
0.71-0.81 (b, 8H).

19

F NMR (282 MHz, CDCl3, δ): -131.27, -130.87, -130.70, -130.06, -

129.91, -129.26, -128.56, -128.25, -127.77, -127.46, -126.51.
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